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Preface
Lucerne University of Applied Science and Arts, the European Façade Network and the European
research network COST Action TU1403 “Adaptive Facades Network” have joined forces in the
organisation of the FAÇADE 2018 – Adaptive! Conference. This international scientific conference
- held on November 26-27, 2018 at the culture and convention centre Lucerne (KKL), Switzerland
– focuses on adaptive, multifunctional and dynamic building envelopes. It gathers excellent
architects, engineers, researchers and representatives from the façade industry to discuss recent
façade projects, the advances in the design, new adaptive technologies and future developments in
research.
Within the FAÇADE conference series, this is the fifth edition – following the editions in 2010, 2012,
2014 and 2016 - held in Lucerne and organized by Lucerne University of Applied Science and Arts.
Within the COST Action TU1403, it follows the mid-term conference held at the TU Munich in 2017.
This book provides the proceedings of the FAÇADE 2018 – Adaptive! Conference and, as such,
it forms one of the final publications of the COST Action TU1403 with the booklets ‘3.1. Cases
Studies’, ‘3.2 Performance Simulation and Characterisation of Adaptive Facades’, ‘3.3. Research
and Education’, and the Special Edition Adaptive! of the Journal of Façade Design and Engineering
(JFDE), which is dedicated to the conference FAÇADE 2018.
Nearly 60 peer-reviewed papers, published by more than 150 authors from 30 different countries,
provide a profound state-of-the-art on adaptive facades. Thirteen high quality papers have been
selected by the scientific committee to be published in the special edition of the JFDE journal.
The papers are divided over five subthemes, which address products and materials for adaptive
facades, strategies for design, performance assessment, experimental tests and post occupancy
evaluation of adaptive facades. Moreover, five keynote presentations provide inspiring projects and
ideas for further reflection.
Organising this conference and editing the conference proceedings has once again been an
enjoyable experience. We would like to acknowledge all authors for their contributions, the scientific
committee members for their valuable comments, our esteemed keynote speakers for their
inspiring presentations, and of course, all conference participants for their interest in this event. In
addition, we are grateful to our Sponsors Stahlbau Pichler, MHZ and HALIO, as well as the nonprofit organisations Suisse Innovation Agency (Innosuisse) and the Swiss association for windows
and facades (SZFF) for supporting the organisation of this conference. We also would like to thank
the editors in chief of the JFDE journal, Ulrich Knaack, Tillmann Klein, Thaleia Konstantinou and
Alejandro Prieto for their great support and the special edition dedicated to the FAÇADE 2018 –
Adaptive! conference.
Finally, we would like to acknowledge COST for supporting both the conference and publication
of these conference proceedings, and all COST Action TU1403 members for their contributions
to make this happen. Particularly we would like to thank science officer, Mickael Pero, and
administrative officer, Carmencita Malimban, for their great and valuable support during the course
of COST Action TU1403.
We wish you an enjoyable conference and we hope you will find inspiring publications in these proceedings.
Andreas Luible, Susanne Gosztonyi & Stephanie Ly-Ky
Conference Organisers

Andreas Luible, Mauro Overend, Laura Aelenei, Aleksandra Krstic-Furundzic, Marco Perino,
Francesco Goia, Frank Wellershoff, Shady Attia, Ulrich Knaack, Uta Pottgiesser, Christian Louter
Chairs and Working Group chairs of COST Action TU1403
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Adaptive Facades Network

• COST - European Cooperation in Science and Technology
• COST Action TU1403 - Adaptive Facades Network
• Activity reports:
• Working Group 1 - Adaptive Technologies and Products
• Working Group 2 - Component Performance and Characterization Methods
• Working Group 3 - Whole Building Integration and Whole-life Evaluation
Methods of Adaptive Facades

• Working Group 4 - Dissemination and Future Research
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COST - European Cooperation
in Science and Technology

COST Action TU1403 - Adaptive Facades
Network

COST - European Cooperation in Science and Technology is an intergovernmental framework
aimed at facilitating the collaboration and networking of scientists and researchers at European
level. It was established in 1971 by 19 member countries and currently includes 37 member
countries across Europe, and Israel as a cooperating state.
COST is an EU-funded programme that enables researchers to set up their interdisciplinary
research networks in Europe and beyond. These networks, called ‘COST Actions’, promote
international coordination of nationally funded research.
By fostering the networking of researchers at an international level, COST enables break
through scientific developments leading to new concepts and products. It thereby contributes to
strengthening Europe’s research and innovation capacities.

Andreas Luible a), Mauro Overend b)
a) Lucerne University of Applied Science and Arts, Switzerland, andreas.luible@hslu.ch
b) University of Cambridge, United Kingdom

Multi-functional and adaptive building envelopes can provide step-change improvements in the energy
efficiency and economic value of new and refurbished buildings, while improving the wellbeing of
building occupants. In 2014, the research network COST Action TU1403 “Adaptive Facades Network”
with more than 210 participants from 27 COST countries was successfully launched. The European
Union (EU) Horizon 2020 Programme supported the COST Action. The main objectives of COST
Action TU1403 “Adaptive Facades Network” were to harmonise, share and disseminate technological

COST’s mission focuses in particular on:

•
•
•

knowledge on adaptive facades, leading to increased knowledge sharing between European research
centres and between these centres and industry, the development of novel concepts, technologies and

Building capacity by connecting high quality scientific communities throughout Europe and
worldwide
Providing networking opportunities for early career investigators
Increasing the impact of research on policy makers, regulatory bodies and national decision makers
as well as the private sector.
Through its inclusiveness, COST supports the integration of research communities, leverages
national research investments and addresses issues of global relevance. COST is thus a building
block of the European Research Area, instrumental for successful innovation strategies and global
cooperation.
As a precursor of advanced multidisciplinary research, COST plays a very important role in
building a European Research Area (ERA). It anticipates and complements the activities of the
EU Framework programs, constituting a “bridge” towards the scientific communities of COST
Inclusiveness Target Countries. It also increases the mobility of researchers across Europe and
fosters the establishment of scientific excellence.
COST’s interdisciplinary bottom-up research and innovation networks are effectively bridging
the innovation divide and participation gaps in Europe and are providing a large spectrum of
opportunities for young generations of researchers and innovators. Involvement in COST Actions
both anticipates and complements the activities of the EU Collaborative Framework Program (FP),
spreading excellence across Europe and beyond.
Every year thousands of European scientists benefit from being involved in COST Actions, allowing
the pooling of national research funding to achieve common goals. COST does not fund research
itself, but provides support for networking activities carried out within COST Actions. COST Actions
are bottom-up science and technology networks open to researchers and stakeholders, with a
four-year duration and a minimum participation of seven COST Member States.

new combinations of existing technologies for adaptive facades, as well as the development of new
knowledge such as effective evaluation tools / design methods for adaptive facades.

Keywords: COST Action TU1403, Adaptive, Façade, Network
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Introduction and Background
Approximately one third of all end-user energy in Europe today is consumed by space heating /
cooling, ventilation and lighting of buildings. Therefore, the energy performance of future building
envelopes will play a key role in order to meeting the EU climate and energy sustainability targets.
Whereas most of our today’s facades are passive systems and are largely exhausted from an
energetic point of view, multifunctional, adaptive and dynamic facades can be considered as the
next big milestone in façade technology.
Adaptive building envelopes are able to interact with the environment and the user by reacting
to external influences and adapting their behaviour and functionality over time in response to
transient performance requirements and boundary conditions with the aim of improving the overall
building performance: the building envelope insulates only when necessary, it produces energy
when possible, it shades or ventilates when the indoor comfort so demands. The timescales of
the transient conditions to which an Adaptive Façade responds (i.e. the dynamic frequency) may
vary from: a few minutes or hours (e.g. cloud cover or transient lighting requirements in a room);
to diurnal and seasonal (e.g. air temperature and radiation cycles); through to several years (e.g.
climate change and change of use of building). The degree of adaptivness may range from a
relatively low level, such as an operable window in a façade or a manually operated curtain behind
the façade, to systems with a high degree of adaptiveness. A façade is considered fully adaptive if
it can respond to all the transient conditions in such a way that it maintains occupant satisfaction
without imposing additional loads on the building services. Adaptivity can be achieved by means of
self-adaptation (smart materials), or active control (intelligent systems).
In practice, the development and realisation of adaptive building envelopes is still in the initial stage.
In addition to new technologies that enable the adaptive behaviour of facades, for example, new
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types of glazing, simulation tools and suitable testing methods need to be developed, and existing
standards and regulations must be adapted. The integration of adaptive facades in the overall
building system requires a holistic view due to the many interfaces with other subcontracts such as
building services, for example.
There is a critical mass of European knowledge, expertise, resources, and skills in the fields
relevant to adaptive facades, but the research efforts across the multi-disciplinary topics and the
wide range of novel technologies are scattered across several R&D centres in Europe. In order to
overcome this situation COST Action TU1403 was successfully launched in 2014 (COST 2014).

2

COST Action TU1403 objectives
COST Action TU1403 aimed to harness knowledge in the field of adaptive facades and thereby
generated new ideas and concepts at a fundamental and product/system development level. This
was achieved by creating a collaborative research network with a strong multidisciplinary approach,
involving academics, industrial partners from the façade supply chain, and other stakeholders. The
main objectives of COST Action TU1403 were:

•
•
•
•
•
3

Harmonize the European research and knowledge in the area of adaptive façades between industry
and academia and foster their collaboration.
Share and disseminate technological knowledge at a European level between the different
stakeholders in the façade industry and the academia in order to foster the development of novel
concepts, technologies and new combinations of existing technologies for adaptive facades.
Share and develop more holistic approaches, metrics and tools to evaluate the performance of
adaptive facades with the purpose of standardisation and feasibility assessment of novel concepts.
Develop an effective means of disseminating the work of the COST Action on adaptive facades with
an emphasis on engaging with early-stage researchers, industrial partners and the wider public.
Align and organize the efforts between the stakeholders and academia and initiate new research
projects in the area of adaptive facades

Networking
The networking activities, such as meetings, workshops, industry workshops, training schools,
short term scientific missions and conferences, within COST Action TU1403 enabled the immediate
sharing of nationally based research and enabled the establishment of common platforms to
accelerate trans-national research projects in the area of adaptive facades. It also allowed sharing
of experimental data; development of modelling and simulation techniques; sharing of common
evaluation methods; thereby leading to real and significant advances in adaptive facades and their
application in energy efficient buildings.

4

Scientific programme
4.1. Scientific Focus
COST Action TU1403 focused on the coordination of current research undertaken through national
programmes in three identified scientific areas:

•
•

20

Development of new technologies and concepts for adaptive facades
Multi-disciplinary characterization methods of novel adaptive façade technologies and concepts at a
component level

•

Whole-life evaluation methods of novel adaptive façade at the building level and building/user
integration.
Based on these identified areas three scientific Working Groups (WG) have been established
to coordinate research within each area. A fourth working group was dedicated to dissemination
activities.
4.2. Working Group 1
The objective of Working Group 1 (WG1) - Adaptive technologies and products, was to provide
a database of different technological solutions and applications of adaptive facades, constituting
a state-of-the-art literature review of either new market technologies and possible developments
of adaptive facades. This supporting database is a first stage to evaluate the current and future
trends of adaptive facades. Activities in WG1 should also pursue and support the development of
novel adaptive technologies. These may consist of novel adaptive technologies that are new to
the façade research community and/or new combinations of existing adaptive technologies. The
objectives of WG1 were: to map out the different technologies (available either on the market, or as
prototypes or concept) allowing a façade to be adaptive and responsive, in terms of materials and
systems (including control systems); to provide an overview of the performance of each technology
compared to the state-of-the-art high performance facades; to identify and pursue new concepts
and new products for adaptive façades; to provide a selection of applications of technologies
already adopted in existing projects identifying the strongest and weakest points.
4.3. Working Group 2
The objective of Working Group 2 (WG2) - Component performance and characterization
methods, was to provide a unified approach for characterizing and evaluating the performance
of an adaptive and multi-functional façade, at the component level. This will include the various
physical characteristics that affect the wide range of transient performance requirements of a
façade. Further objectives of WG2 were: to identify for each aspect of façade performance (energy
efficiency, structural, safety, fire, weather protection, durability, aesthetics) where the adaptive
technologies would be most beneficial; to establish and standardise numerical and experimental
ways of characterizing their performance (with an emphasis on performance related to energy
efficiency); to evaluate the suitability of conventional performance parameters to fully address the
behaviour of adaptive facades; to develop new metrics that are able to capture the transient and
multi-parameter performance of adaptive façades and thereby enable quantitative comparisons
between different facades, where the adoption of conventional metrics is not satisfactory; to
develop new numerical tools for evaluating the most promising adaptive technologies.
4.4. Working Group 3
The main objective of Working Group 3 (WG3) - Whole building integration and whole-life
evaluation methods of adaptive facades, was to evaluate the integration and interaction of an
adaptive façade with the building (aesthetics, structure etc.), the building services, the building
users and the environment, thereby providing an account of the whole-life performance of an
adaptive façade. The quality of future energy efficient buildings depends on the performance of
each component but also on the interaction between these components in the entire façade system
and how the façade interacts with the internal / external environment and users. The task of WG3
was thus the evaluation of the pros/cons of adaptive façades when these technologies are analysed
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with a wider perspective, i.e. the impact of the adaptive façade when: integrated into a building;
under realistic boundary conditions and users’ interaction; in a multidisciplinary, holistic perspective.

The Action could provide a significant contribution to the development of innovative products,
façade systems and more holistic evaluation methods. Consequently, the scientific research
reports, publications and outcomes will provide researchers, academics, architects, engineers,
fabricators, construction firms, building owners and policy makers with up-to-date overviews
of research results on materials, advanced methods for the design and evaluation of adaptive
facades. In addition, an educational pack could be developed in order to support university curricula
and professional development programmes across Europe.

4.5. Working Group 4
The main objective of Working Group 4 (WG4) - Dissemination and future research, was the
dissemination of Action results. WG4 maintained and organised the Action website, the workshops,
the Short Term Scientific Missions (STSM), the Training Schools and the Early Career Investigator
workshops and co-ordinate the International conference, publication of journal papers and
guidelines, and finally coordinate the application for future research projects.

7

The chairs of COST Action TU1403 would like to acknowledge the support and excellent networking
opportunities provided by COST Action TU1403 “Adaptive facades network” as well as COST
(European Cooperation in Science and Technology) and EU (European Union) for the financial
support. Particularly we would like to thank science officer, Mickael Pero, and administrative officer,
Carmencita Malimban, for their great and valuable support during the course of COST Action
TU1403. Finally, we would like to thank all Action WG chairs, WG vice-chairs, WG members, invited
experts, trainings school participants and STSM candidates for their active participation and their
contribution to the success of COST Action TU1403.

More details about the activities within each working groups and the results can be found in the WG
reports in this proceedings (Aelenei 2018, Perino 2018, Wellershoff 2018, Pottgiesser 2018).

5

Activities
Over the past four years of COST Action TU1403 a large number of networking activities have been
carried out.
During the period of the whole project, the Working Groups and the Management Committee met
twice a year. Additional ad-hoc working group meetings were organised by smaller task groups
within the working groups. As a means to involve not only research but also the industry, two
industry workshops were held.
One aim of COST Action was to support early career investigators and the next generation of
researchers. Many of them have been trained during the two one-week training schools and
workshops, have participated in PhD workshops. As a result of the training schools, an educational
pack, with many lectures and educational material, could be established and made available for the
education of future façade engineers in Europe.
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A mid-term and a final conference was organized in order to disseminate the results of the Action to
a wider audience.
Exchange visits of young researchers have been promoted with Short Term Scientific Missions.
Short Term Scientific Missions allowed to strengthen the network and fostering the contact between
researchers. At the same time young researchers got the chance to learn new techniques, gain
access to specific data, instruments and methods, which are not available in their own institutions.
More information about the COST Action TU1403 networking activities, all outputs and results is
available on the action webpage (www.tu1403.eu) and in the WG reports in this proceeding book.

6

Conclusions
Looking back, we are proud to see that COST Action TU1403 succeeded to create a strong
European specialist network on adaptive facades. Compared to the situation four years ago, many
action participants were able to build up their network, to bundle and coordinate ongoing research
activities and establish new research fields. The collaboration between research and industry in this
COST Action enabled knowledge transfer. Façade-related research and industry across Europe will
greatly benefit from the network initiated by this COST Action.
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Activity report Working Group 1 (WG1) Adaptive Technologies and Products
Aelenei, L., Krstic-Furundzic, A.

Objectives
The fundamental objectives of this WG are to collect information of a wide range of existing
adaptive facade technologies and present it in a systematic manner taking into account a
characterization matrix of adaptive features. The information collected is structured and presented
in a database form of different technological solutions and application of adaptive facades, this
supporting database is a first stage to evaluate and map the current and future trends of adaptive
facades and provide input material for all the all the tasks of this WG.
Other objective of this WG is to identify and pursue new and promising adaptive concepts. These
may consist of novel adaptive technologies that are new to the façade research community.

Work structure
Based on these two objectives of WG1 and the main operational activities of the project, the work
was structured in four sub-groups (SG) represented in the Figure 1 together with the main activities
developed in each sub-group:
Sub-Group 1 (SG1) – Data base
Sub-Group 2 (SG2) – Educational Pack
Sub-Group 3 (SG3) – Publications and Reports
Sub-Group 4 (SG4) – Short Term Scientific Missions (STSM)

Figure 1 WG1 Sub-Groups
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Sub-Group 1 (SG1) – Data base

Sub-Group 3 (SG3) – Publications and Reports

Led by: J.M.Rico Martinez, M. Brzezick, D. Aelenei, R. Romano, L. Aelenei, E. Mazzuchelli

Led by: D. Aelenei, A.Krstic-Furundzic, T. Karlessi, T. Klein

Within this sub-group an extensive work of collection information about existing adaptive façade is
developing. The collected information are based and structured according with a characterization
matrix of adaptive features and an online survey which contemplate different characterization
topics. For each case study is produce a factsheet with the information collected. All the case
studies are insert in a google map, in this manner it can be observed and analyzed the distribution
of the existing technologies according with the geographical location.

Scientific publications are developing with the coordination of this sub-group, including papers in
conferences and journal, posters, participation at project organized conferences, presentation in
different workshops. Contributions for the booklets developed by project and also reports of WG1
are coordinated also by this sub-group.

Main outputs - publications with Cost Action Acknowledgments
Juaristi M, Gómez-Acebo T, Monge-Barrio A. (2018) “Qualitative analysis of promising materials
and technologies for the design and evaluation of Climate Adaptive Opaque Façades”. Build
Environ 2018;144:482–501. doi:10.1016/J.BUILDENV.2018.08.028

Main outputs
Data base adaptive façade case studies

•
•
•

Mazzucchelli E.S. , Alston M., Doniacovo L., (2017) “Study of a BIPV adaptive system: combining
timber and photovoltaic technologies”, Advanced Building Skins Conference 2017

On-line survey
Extended information case study datasheet
Mapping - batchgeo

Gosztonyi, S. (2017) “Adaptive Facades and Spatial Morphology”, ICBEST International
Conference on Building Envelope Systems and Technologies, Istanbul, Turkey (15.-18.05.2017).

Sub-Group 2 (SG2) – Educational Pack

Aelenei, D., Aelenei, L., Pacheco Vieira, C., (2016) “Adaptive Façade: concept, applications,
research questions”, Energia Procedia, 91: 269 – 275. DOI: 10.1016/j.egypro.2016.06.218.

Led by: T. Klein, D. Aelenei, A. Krstic-Furundzic, C. Menezo, J.M. Rico Martinez
This sub-group work is focused on developing of the educational material for the training schools
organized within the project. The material developed is based on the case studies information
and structured according with different features and finding from database case studies from
architectural integration of adaptive façade, design features, lessons learned and other.

Gosztonyi, S. (2015) “Adaptive Façade – which criteria are needed?”, In: Proceedings, façade
2015: Computational Optimization, Detmold, Germany, 27.11.2015
Loonen, R.C.G.M., Rico-Martinez, J.M., Favoino, F., Brzezicki, M., Menezo, C., La Ferla,
G., Aelenei, L., (2015) “Design for façade adaptability – Towards a unified and systematic
characterization”, Energy Forum 2015.

Main outputs
Contributions for the two training summer schools:
Training School Hamburg, HCU HafenCity University, September 12-17, 2016:
1
2
3

Sub-Group 4 (SG4) – STSM

Introduction to adaptive facades: General introduction, History of adaptivity in Facades and
windows, Definitions, The adaptive façade survey
The state of the art of adaptive facades
Design of adaptive facades - Lessons learned from survey case studies

Led by: L. Aelenei
A number of Short Term Scientific Missions have been developed with the main objective to
contribute to the work and objective of the WG1. Starting with the first scientific missions related
with the collected information and developing survey of the case studies data base, state of the
art, characterization matrix, developing of training material until mapping the case studies and
innovative approaches of adaptive features characterization as eco-design based, the work
developed contribute not only to the objectives of the WG1 but also to the successful collaboration
between different institutions.

Training School 2018, University of Belgrade, September 03-07, 2018:
4
5
6
7

Smart and Multifunctional Materials and their possible application in facade systems
Adaptive Facade Concepts / Kinetics
Climate, Daylighting, Thermal
Retrofitting Façades

Main outputs
1
2
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State of the art and research about adaptive facades, J.M. Rico-Martinez (1st STSM Call)
Sharing the experience in visions, material technology, façade design of the future building
envelope, M. Brzezicki (1st STSM Call)
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3
4
5
6
7
8
9
10
11

Kick-off for investigation and publication on functional and architectural characteristics of adaptive
facades targeting at the term “intelligence”, S. Gosztonyi (2nd STSM Call)
Review of the Adaptive Facade database, development of the educational pack draft plan and
teaching material WG1, S. Persiani (3rd STSM Call)
Adaptive facades towards Med Area: the analysis of an innovative scientific approach, R. Romano
(4th STSM Call)
WG1 support to the development of a series of lectures material WG1, P. Molter (4th STSM Call)
Contribution towards development of current state of the art adaptive façade materials and
systems, Claudio Aresta (5th STSM Call)
Eco-design approach for designing adaptive façade with a unified and systematic characterization,
Nitisha Vedula (5th STSM)
Mapping out existing and future technologies – harmonizing, sharing and disseminating, Marcin
Brzezicki (5th STSM)
The state-of-the-art of adaptive and/or multifunctional materials, Miren Juaristi (5th STSM)
Elastocaloric cooling systems for buildings and the built environment & Adaptive structural systems
for high-performance buildings, Theoni Karlessi (6th STSM)

Activity report Working Group 2 (WG2) Component Performance and
Characterization Methods
Perino, M., Goia, F.

Working Group 2 aimed at defining robust and meaningful methods, techniques, and procedures
for the characterisation and performance evaluation of adaptive, multifunctional facades, at subcomponent and system level.
The domain of interest of WG2 covered different aspects of the façade (e.g. thermal and visual
domain, structural-mechanical domain, durability domain) where adaptive technologies can improve
the system’s performance.

WG1
Participants
WG1 Participants

28

The main goal was to provide a unified approach for characterizing and evaluating the performance
of an adaptive and multi-functional façade, at the component level. This included the various
physical characteristics that affect the wide range of transient performance requirements of a
dynamic façade.

Name

Contact

WG1 sub-group

Laura Aelenei

laura.aelenei@lneg.pt

SG1, SG3

Aleksandra Krstic‐Furunzic

akrstic@arh.bg.ac.rs

SG2

Daniel Aelenei

aelenei@fct.unl.pt

SG2, SG3

Marcin Brzezicki

marcin.brzezicki@pwr.edu.pl

SG1

Tillmann Klein

T.Klein@tudelft.nl

SG1, SG2

The activities of the WG2 were organised in 5 scientific Tasks dealing with different aspects of
characterisation and performance evaluation and 1 Task shared with other WG aimed at the fund
raising activity.

Josemi Rico Martínez

j.rico@ehu.eus

SG1, SG3

Specifically, tasks were:

Theoni Karlessi

karlessith@phys.uoa.gr

SG2, SG3

Christophe Menezo

christophe.menezo@univ‐smb.fr

SG2

Susanne Gosztonyi

susanne.gosztonyi@hslu.ch

SG1

Jerry Eriksson

Jerry.Eriksson@Glafo.se

SG1

Rosa Romano

arch.rosaromano@gmail.com

SG1

Maria da Glória Gomes

mgloria@civil.ist.utl.pt

SG1

Alston Mark

M.E.Alston@salford.ac.uk

SG2, SG3

Luc Traonvouez

contact@insula‐france.com

SG1

Matej Banožić

banozic@tugraz.at

SG2

Enrico Sergio Mazzucchelli

enrico.mazzucchelli@polimi.it

SG1

Sandra Persiani

sandra.persiani@yahoo.it

SG1

Claudio Aresta

claudio.aresta@tum.de

SG2, SG3

Nitisha Vedula

vedulantsh@gmail.com

SG3

Miren Juaristi

mjuaristi@alumni.unav.es

SG1, SG2

•

Task 2.1 Map out performance metrics and requirements for adaptive facades ,

•

Task 2.2 Evaluate current simulation tools for adaptive facades performance assessment,

•

Task 2.3 Analysis of current experimental procedures for the evaluation of adaptive facades,

•

Task 2.4 Develop new simulation tools,

•

Task 2.5 Develop standardised experimental procedures and metrics for evaluating the
performance,

•

Task 2.6 Identify sources of European and national funding and apply for funding for new research
projects in the field of adaptive facades
From a practical point of view, tasks 2.2 and 2.4 were grouped in a unique research unit (since the
first task was instrumental to the second, being a state of the art review of existing simulation tools).
For the same reasons also tasks 2.3 and 2.5 were grouped together and were the object of study of
a unique research units.
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In practice 4 research units were formed. One taking care of Task 2.1, one covering Tasks 2.2 and
2.4 in relation to the energy and thermophysical simulation of dynamic facades, one covering all the
experimental aspects dealing with energy, comfort, thermal and fluid dynamic phenomena (that is
tasks 2.3 and 2.4) and finally one research group aimed at investigating all the structural subjects
(grouping both experimental and simulation approaches, that is, all the tasks form 2.2 to 2.5).

As far as the activities within Task (2.3) and (2.5), they focused on the experimental assessment of
adaptive facade systems. In task (2.3), the state-of-the-art of experimental analysis methods (thus
including facilities and procedures) was mapped, and challenges related to the characterisation
through measurements were identified, with a particular focus on testing of full-scale mock-up and
sub-system components.

Task (2.1) focused on the mapping of performance metrics and requirements for adaptive facades
as well as the potential development of new performance metrics capable of better representing the
behaviour of adaptive facades, in contrast to conventional performance metrics based on steadystate and time-independent performance.

The activities in these Tasks were focused on research infrastructures and the connection between
experimental facility and experimental methods for characterisation of different aspects of the
performance of an adaptive facades. In particular, research articles on typologies and related
experimental methods for different categories of full test facilities (outdoor and indoor test cells)
have been developed during the activities, and presented to relevant conferences and/or published
in scientific journals. In addition to this, activities have also been carried on in relation to modelling
and simulation of experimental facilities (test cells) to identify the relevant parameters for the
optimal construction and management of these systems

The main output of this Task is an online tool – a database - that collects Key Performance
Indicators (KPIs) related to adaptive facades.
Tasks (2.2) and (2.4) were dedicated to the physical-mathematical modelling and numerical
simulation of adaptive facades. Within task (2.2), the state-of-the-art of simulation techniques and
tools for different domains of the facade were analysed, and the limitations of currents tools and
approaches highlighted. At the same time, the research group addressed the development of
more advanced modelling and simulation procedures to better replicate the physical behaviour of
adaptive facades (task 2.4).
In detail, the first part of the work (Task 2.2) consisted in reviewing the current methods for
an accurate and comprehensive quantification of the performance of adaptive facades and
technologies by means of building performance simulations. This was done by means of an
extensive literature review focused on the following aspects: i) simulation requirements based on
intrinsic characteristics of adaptive façade technologies and their control during building operations;
ii) ability of building performance simulation software to respond to these requirements and
easiness of implementation; iii) advanced features for modelling adaptive facades, future outlook
and implementation needs. This work (presented in the deliverable 2.1) was summarized in an
open access publication (Loonen et al. 2017) and is publisehd in Booklet 3.2 A (see Chapter 1).
The second part of the work (Task 2.4) focused on developing and documenting new simulation
models and methods to assess the performance of adaptive facades. These models were either
developed by the WG members, or adopted by them during their research activity. A questionnaire
distributed among the WG members allowed to map all the specific capabilities and expertise, as
well as the current activities regarding the development of novel simulation methods and models
for adaptive facades. This questionnaire also fostered the networking between different members,
creating opportunities for STSMs dedicated to Task 2.4. Chapters 2 to 14 of the Booklet 3.2 A
document all the different models and methodology developed, adopted and reviewed by this Task
group divided by specific adaptive façade technology (this represent Deliverable 2.3 of the COST
project).

These research outputs are based on both extensive literature reviews and on first-hand
experience of the participants with different types of experimental facilities, and are continuing
beyond the activities of the actions. At the present, an article on indoor test facilities for adaptive
façade characterisation is under development and will be finalized for the end of the COST action.
Some specific experimental techniques and methodologies, primarily developed for full-scale
testing in test-cells or real buildings have also been analysed, among them methods for airflow
characterizations in ventilated cavities and methods for the in-situ determination of thermal
characteristics of facades were developed.
The work of WG2 Task groups 2.2 and 2.5 has seen the contribution of nearly 40 researchers from
8 countries, primarily employed in research institutions.
On parallel, the research unit dealing with structural topics developed a mirror structure of tasks 2.2
& 2.4 and of tasks 2.3 & 2.5. Main outputs are a collection of performance indicators, information on
structural issues and durability as far as adaptive facades are concerned.
WG 2 also significantly contributed in the educational activities of the Action. Contributions were
given in the form of: lectures delivered during the two summer schools organized by the COST
action, preparation and supervision of the teaching material within the WG 2 domain.
Finally, members from WG2 actively participated in a series of STSM.

The work of WG2 Task groups 2.1, 2.2 and 2.4 resulted from 27 contributors, from 8 different
countries, from 12 universities and research institutions and 5 industry contributors.
Research articles (dealing with both review and new simulation approaches) and a database with
information on modelling and simulation of different adaptive facade technologies are among the
most relevant outputs of the Tasks 2.2 and 2.4.
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Activity report Working Group 3 (WG3) Whole Building Integration and Whole-Life
Evaluation Methods of Adaptive Facades
Wellershoff, F., Attia, S.

Objectives
Work Group 3 aims to evaluate the performance and quality of integration of adaptive façades
within buildings, building services, in relation to building users. The group is focused on the
construction and operation phase and seeks to develop experience from facades contractors and
facades users. The key contribution of the group includes the identification of the requirements
for building integration and user interaction for adaptive and multifunctional facades. The group
documented three case studies for unique building with dynamic facades and interviewed more
than 10 international experts of adaptive facades. Also the group organized the first training
school for dissemination of expertise to early stage researchers. With a focus on post-occupancy
evaluation methods and occupancy interaction Work Group 3 published several papers looking at
whole-life evaluation methods for adaptive facades. The tasks of WG3 can be identified as:

•
•
•
•

T 3.1 Requirements for building integration and user interaction for adaptive facades
T 3.2 Assessment of adaptive facades based on case studies analysis
T 3.3 Current and proposed post-occupancy evaluation methods
T 3.4 Develop new performance evaluation method for adaptive facades

Activities
Between 2014 and 2018 from 10 to 15 work group members participated actively in the some of the
following main activities:

•
•
•
•
•
•
•
•
•
•
•
•
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Research activities and scientific publications
Ad-hoc meetings for research and proposal writing activities (2)
Organisation of the first summer school in Hamburg under the leadership of Prof. Frank Wellershof
Organizing and hosting events and giving lectures in academia and professional world
Preparing proposal for new national and European research projects
Preparation of the Mid-term Conference
Contribution to the Final Conference review and publications
Contribution to education pack
Contribution to the two summer schools
Contribution to Industry workshop
Contribution to Workgroup 1 database
Hosting or sending early stage researchers for short scientific missions (2 STSMs)
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Results

Publications

T 3.1 Requirements for building integration and user interaction for adaptive facades

2018

Attia, S., Favoino, F., Loonen, R., Petrovski, A., Monge-Barrio, A., 2015, Adaptive Facades System
Assessment: An initial review, 10th Conference on Advanced Building Skins, 3-4 November, 12651273, Bern, Switzerland.

Attia, S. (2018) Challenges and Future Directions of Smart Sensing and Control Technology for
Adaptive Facades Monitoring. Next Facades COST Action TU1403 Adaptive Facades Network
Conference, Lucerne University, 26-27 November 2018. Lucerne, Switzerland.

Struck C., Almeida M. G., Monteiro da Silva S., Mateus R., Lemarchand P., Petrovski A.,
Rabenseifer R., Wansdronk R., Wellershoff F., de Wit J., 2015, Adaptive facade systems – review of
performance requirements, design approaches, use cases and market needs, 10th Conference on
Advanced Building Skins, 3-4 November, 1254-1264, Bern, Switzerland (pdf).

Attia, S., Bilir, S., Safy, T. (2019) Adaptive Facades performance assessment: Interviews with
Façade Experts, SBD Lab, Liege University, Belgium. ISBN: 9782930909097. Retrieved from
https://orbi.ulg.ac.be/handle/2268/213736.

T 3.2 Assessment of adaptive facades based on case studies analysis
Attia, S. (2017) Evaluation of adaptive facades: The case study of Al Bahr Towers in the UAE,
Shaping Qatar’s Sustainable Built Environment, Hamad Bin Khalifa University Press, Volume 2,
Issue 6, P1-13.
Attia, S., Bashandy, H., 2016, Evaluation of Adaptive Facades: The case study of AGC Headquarter
in Belgium, Challenging Glass 5 Conference on Architectural and Structural Applications of Glass,
16 & 17 June 2016, Ghent University.
Attia, S., Bilir, S., Safy, T. (2019) Adaptive Facades performance assessment: Interviews with
Façade Experts, SBD Lab, Liege University, Belgium. ISBN: 9782930909097. Retrieved from
https://orbi.ulg.ac.be/handle/2268/213736.
Bilir, S., Attia, S. (2018) Performance Evaluation of Adaptive Facades: A case study with
electrochromic glazing, Next Facades COST Action TU1403 Adaptive Facades Network
Conference, Lucerne University, 26-27 November 2018. Lucerne, Switzerland.
Juaristi M,. Monge-Barrio, A., 2016, Adaptive façades in temperate climates. An in-use assessment
of an office building, 11th Conference on Advanced Building Skins, 10-11 October 2016, 419-428,
Bern, Switzerland.

T 3.3 Current and proposed post-occupancy evaluation methods
Attia, S., Luna Navarro, A., Juaristi, M., Monge-Barrio, A., Gosztonyi, S., Al-Doughmi, Z., (2018b)
Post-Occupancy Evaluation for Adaptive Facades, Journal of Façade Design and Engineering.

T 3.4 Develop new performance evaluation method for adaptive facades
Attia, S., Bilir, S., Safy, T. , Struck, C., Loonen, R., Goia, F. (2018) Current Trends and Future
Challenges in the Performance Assessment of Adaptive Façade Systems, Energy and Building.
Attia, S, F. (2019) European approach” to occupant-centered adaptive façades assessments and
interaction, Energy and Building.
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Attia, S., Luna Navarro, A., Juaristi, M., Monge-Barrio, A., Gosztonyi, S., Al-Doughmi, Z., (2018b)
Post-Occupancy Evaluation for Adaptive Facades, Journal of Façade Design and Engineering.
Attia, S., Bilir, S., Safy, T. , Struck, C., Loonen, R., Goia, F. (2018) Current Trends and Future
Challenges in the Performance Assessment of Adaptive Façade Systems, Energy and Building.
Bilir, S., Attia, S. (2018) Performance Evaluation of Adaptive Facades: A case study with
electrochromic glazing, Next Facades COST Action TU1403 Adaptive Facades Network
Conference, Lucerne University, 26-27 November 2018. Lucerne, Switzerland.
Juaristi, M., Monge-Barrio, A., Sánchez-Ostiz, A., & Gómez-Acebo, T. (2018). Exploring the
potential of Smart and Multifunctional Materials in Adaptive Opaque Facade Systems. Journal of
Facade Design and Engineering, 6(2), 109–119.

2017
Grynning, S. Lolli, N., Wågø, S., Risholt, B., (2017) Solar shading in low energy office buildings design strategy and user perception, Journal of Daylighting, 4, p. 1–14.
Rabenseifer, R., 2017, Glazing with Low-Emissivity Layers and its Performance Simulation, In:
Applied Mechanics and Materials, Vol. 861, copyright 2017 Trans Tech Publications, Switzerland,
pp 206-212, ISSN: 1662-7482, doi:10.4028/www.scientific.net/AMM.861.206
Attia, S. (2017) Evaluation of adaptive facades: The case study of Al Bahr Towers in the UAE,
Shaping Qatar’s Sustainable Built Environment, Hamad Bin Khalifa University Press, Volume 2,
Issue 6, P1-13.

2016
Attia, S. 2016, Evaluation of adaptive facades: Case study, Al Bahar Towers, UAE, 2nd Qatar
Green Building Council Conference, 13-15 November, Doha, Qatar.
Attia, S., Bashandy, H., 2016, Evaluation of Adaptive Facades: The case study of AGC Headquarter
in Belgium, Challenging Glass 5 Conference on Architectural and Structural Applications of Glass,
16 & 17 June 2016, Ghent University.
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Juaristi M,. Monge-Barrio, A., 2016, Adaptive façades in temperate climates. An in-use assessment
of an office building, 11th Conference on Advanced Building Skins, 10-11 October 2016, 419-428,
Bern, Switzerland.
Schober, H., Brandl, D., Zellinger, M., Mach, T. & Englhardt, O., 2016, Integrale Gebäudehüllen
– Entwicklung eines solarthermisch aktivierten, multifunktionalen Fassadenpaneels. in 12.
Internationale Konferenz für solares Heizen und Kühlen – Gleisdorf Solar 2016.
Struck, C., Wit de, J., Weersink, A., Blok de, K., Owczarek, P. and Berkhout, H., 2016, Towards
the application of thermoacoustic cooling in office buildings: performance governing parameters
and models for performance predictions, 12th REHVA World Congress, CLIMA 2016, Aalborg,
Denmark, 2016, accepted for publication

Call 2016. Interreg Atlantic Area (international-European). “Sailor Facades. Design and Assessment
of Adaptive Facades that take advantage of the resources in the Atlantic Area”. Partners: University
of Navarra (Spain), University of Cardiff (UK), and Universidade do Minho (Portugal) (Not selected).

Events and Lectures for Dissemination
Innovative Facades Seminar, Smart adaptive façades between predictive control and user
interaction, Shady Attia, 4 September 2018, Brussels, Belgium.
Workshop in MDGAE 2015-16 (University of Navarra, Spain). 8-10th March 2016. “Adaptive
Facades. Built experiences” Craig Schwitter. (Buro Happold NY, and Columbia University)

Struck, C., Frei, B. Seerig, A., 2016, The Missing Link: Connecting Building Technology to SocialPsychology, 34rd Annual ACM Conference Extended Abstracts on Human Factors in Computing
Systems, San Jose, USA, 2016, accepted for publication

Workshop in MDGAE 2016-17 (University of Navarra, Spain). 20-22th March 2017 “Adaptive
facades and facades in extreme conditions”. Invited lecturers: Ulrich Knaack (Delf University - TU
Darmstadt) and Thomas Auer (Transsolar and TU Munchen)

Wellershoff, F., Friedrich, M., Labaki, L.; Fernandes, L., 2016, Façade design for night cooling by
natural ventilation in different climate zones, SBE Conference Hamburg.

Workshop in MDGAE 2017-18 (University of Navarra, Spain). 14-15th March 2018. “Adaptive
Envelopes: innovative concepts and performance evaluations”. Invited lecturer: Marco Perino
(Politecnico di Torino)

2015
Attia, S., Favoino, F., Loonen, R., Petrovski, A., Monge-Barrio, A., 2015, Adaptive Facades System
Assessment: An initial review, 10th Conference on Advanced Building Skins, 3-4 November, 12651273, Bern, Switzerland.
Struck C., Almeida M. G., Monteiro da Silva S., Mateus R., Lemarchand P., Petrovski A.,
Rabenseifer R., Wansdronk R., Wellershoff F., de Wit J., 2015, Adaptive facade systems – review of
performance requirements, design approaches, use cases and market needs, 10th Conference on
Advanced Building Skins, 3-4 November, 1254-1264, Bern, Switzerland (pdf).
Struck, C., Jurt, D. and Seerig, A., 2015, Resilience of Swiss offices to climate change: A
comparison of four buildings with different façade typologies, 10th Conference on Advanced
Building Skins, 3-4 November, Switzerland.

Proposals
EU, H2020-MSCA-ITN-2018, Marie Skłodowska-Curie Innovative Training Networks, European
Training Networks, FAB Facades, Proposal number: 813673
EU, H2020-MSCA-ITN-2018, Marie Skłodowska-Curie Innovative Training Networks, European
Training Networks, AsPECT, Active People-Centred Facades.
Call 2017. Explora Ciencia (National-Spain) “AdaptoDIN. “Validation of ADAPTive Opaque Facade
concept through the experimental assessment of multifunctional materials and their DYNamic
performance” (Not selected).
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Activity report Working Group 4 (WG4) Dissemination and Future Research
Pottgiesser, U., Knaack, U., Louter, C.

Tasks and Deliverables
Working Group 4 was responsible to organise and manage the overall dissemination, networking
and communication of the COST-Action, including the website, the Short Term Scientific Missions
(STSM), the Training Schools and symposia for Early Career Investigators (ECI), industry
workshops, and related surveys to link the COST action to stakeholders in the industry. It also took
care of the coordination of international conferences, publication of journal papers and guidelines
and finally the initiation and coordination of the applications for future research projects within the
Action and by connecting with other networks and the related academic environments. The tasks
and deliverables of Working Group 4 were the following, which were all fulfilled:

T 4.1 Organisation and coordination of Action events
D 4.2 Organisation of all meetings and related minutes reports
D 4.5 Organisation of Action Mid-term Conference (beginning of 3rd year)
D 4.6 Organisation of Action Conference (end of the 4th year) and production of proceedings
Until the end of the Action in November 2018 the following meetings and conferences took place:

•
•
•
•
•

9 MC/WG meetings in Brussels, Prague, Delft, Le Bourget du lac, Lucerne, Wroclaw, Munich, and
Lisbon.
6 ad-hoc meetings of work group members in Hamburg, Detmold, Bern, Dessau, Liège and Lisbon
from 2015-2018
2 industry workshops in Delft 2015 and Lisbon 2018
1 Mid-term conference and proceedings (Booklet 2) in Munich in November 2017
1 Final conference and proceedings (Booklet 4) in Lucerne in November 2018

T 4.2 Educational Pack and Training School
D 4.3 Organisation of 3 Training Schools (1 per year except the first year) and related material
published
D 4.3 Educational pack content definitions and development
Until the end of the Action in November 2018 two Training Schools took place, one Training School
had to skipped due to budget shortage:

•
•
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Training School 1: September 2016 in Hamburg (HafenCity University)
Training School 2: September 2018 in Belgrade (Belgrade University)
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Both Training Schools attracted more than 35 participants each and can be considered as very
successful. Among them about 85 Early Career Researchers (ECI), who took part in specific
scientific workshops at the beginning of the Training Schools to present and discuss their
research. The Educational Pack was developed as individual lectures for the Training Schools with
contributions from each Working Group. It consists of 20 lectures with more than 800 slides that
are available digitally at the Action Website with a password for the 210 Action Members. Separate
documentations of the Training Schools are accessible online.
An overview of Educational Pack, Training Schools, ECI-Workshops and STSM is given in the final
publication of Work Group 4 (Booklet 3.3 Research and Education), published open access.

•
•
•
•
•
•
•
•
•
•

D 4.7 16 peer reviewed scientific journal papers and conference publications

T 4.3 Coordination of Short Term Scientific Missions (STSMs)
D 4.4 Completion of at least 20 STSMs by the end of the Action

Until the end of Action in November 2018 the more than 70 peer reviewed scientific conference and
journal papers were delivered and published in each Working Group, accessible online:

Until the end of the Action in November 2018, 31 Short Term Scientific Missions (STSM) were
initiated through 6 separate calls for STSMs. The STSMs involved 46 individuals, 16 different EU
countries, 1 near neighbour country (AU) and 34 different institutions. Furthermore, The STSMs
have contributed to the MoU deliverables and have resulted in joint journal and conference
publications, new collaboration initiatives and active contributions to the Education Pack. The
STSM represented all Working Groups and the results are summarized in the final publication
(Booklet 3.3 Research and Education).

T 4.4 Database of research project and experimental facilities in the domain of the Action
The database of research projects and experimental facilities in the domain of the Action was
produced for in the beginning of 2015 and was presented during the 3rd meeting in Delft as a
poster exhibition and as a print version (Booklet 1 Adaptive Façade Network - Europe), published
open access.

Facade2016, Lucerne 06/10/2016 (COST meeting)
PowerSkin@BAU, München 19/01/2017
ICBEST 2017, Istanbul 15-18/05/2017 (Keynotes Uta Pottgiesser / Ulrich Knaack)
Future Envelope, Delft 22/06/2017
Next Façades, Munich 08/11/2017 (COST mid-term conference)
facade2017 Resilience, Detmold 24/11/2017
Engineered Transparency, Düsseldorf 25/10/2018
Facade2018, Adaptive, Lucerne 26-27/11/2018
GSE Glass Structures & Engineering Journal (link)
JFDE Journal of façade Design and Engineering (link)

D 4.8 Submission of at least two research proposals at the end of the Action
Until the end of Action in November 2018 the 15 joint research proposals were submitted or an in
preparation as a result of the networking with in Action on national and European level.
Group Members and Roles

•
•
•
•
•
•
•

Thomas Henriksen, Denmark - ESR/ECI
Ulrich Knaack, The Netherlands - Chair (2015-16)
Thaleia Konstantinou, Greece - ESR/ECI
Christian Louter, The Netherlands - Vice-Chair, STSM Coordinator
Andreas Luible, Switzerland - Website, Meetings
David Metcalfe, United Kingdom - Training Schools
Uta Pottgiesser, Germany - Chair (2017-18)

T 4.5 Creation and management of Action website
D 4.1 Creation and maintenance of the Action specific website
The Action specific website was installed in 2014 and is available under: http://tu1403.eu/. It will be
further used and contains the produced materials such as database, booklets and Education Pack.

T 4.6 Dissemination through journal, conference, trade publications and website
Until the end of Action the following conferences were organised or attended by Action members
with lectures and keynotes:

•
•
•
•
•
•
•
•

40

Advanced Building Skins, Graz 23-24/04/2015 (Keynote Andreas Luible)
International Conference on Architectural Envelopes (ICAE), San Sebastian 22-24/05/2015
Future Envelope, Delft 18/06/2015
Glass Performance Days (GPD), Tampere 24-26/06/2015
Challenging Glass, Ghent 16-17/06/2016
Future Envelope, Bath 03/06/2016
ICSA 2016, Minho Portugal, 27-29/07/2016
Engineered Transparency, Düsseldorf 24/10/2016
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• Cities Alive: Green Building Envelope
Rudi Scheuermann, Arup, UK

• The Maersk Tower Facade

Mads Mandrup Hansen, C.F. Møller, Denmark
Johann Sischka, Waagner Biro, Austria

• High Comfort - Low Impact

Thomas Auer, Transsolar, TUM, Germany

• Multidisciplinary Approach Towards Design of Kinetic Lightweight Sun Shading
Facade
Miriam Dall’Igna, Foster + Partners, UK

• Adaptive Solar Facade

Arno Schlüter, ETHZ, Switzerland
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Cities Alive: Green Envelope
Rudi Scheuermann, Arup, UK

” City green has a serious influence on the micro-climate in our built environment and the
sustainability of building operation. ”

In ever denser cities the space for “green infrastructure” such as parks, green recreational spots
and trees in street canyons is being depleted. What is often considered and belittled as “green
architectural decoration” is however an important element in our built environment which must not
be underestimated. Besides the many health and well-being aspects resulting in significant stress
relief for human beings, there are a number of effects which have serious influence on the microclimate in our built environment and the sustainability of building operation.

Existing situation in Manchester				

Optional regreening of the city

The reduction of urban up-heating (heat island effects), and the filtering of fine dust in the streets
where people move about are just two of the most important aspects. Reduced noise levels can
also be an additional benefit if green infrastructure is applied in the right way.

The idea of “Cities Alive: Green Envelope” is to investigate and pursue the initiative of “Cities Alive:
Rethinking Green Infrastructure”, started by Tom Armour, to offer additional areas in the form of
building envelopes and provide the dense inner city with surfaces for effective and applied green
infrastructure.
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These roof and façade areas aim to
improve the environment by replacing a
significant amount of the ground on
which cities have been built in dense
urban agglomerations. If we imagine that
we could replace 30% of the total sealed
areas of cities by offering about 20
- 25% of the buildings and making use
of about 20 - 25% of each building
envelope, i.e. façade and roof areas, we
could achieve significant benefits to
improve the micro-climate in cities.

The Maersk Tower Facade
Mads Mandrup Hansen, C.F. Møller, Denmark
Johann Sischka, Waagner Biro, Austria

Text not available at time of print.

Indeed, if we consider that plants grow
on substrate which also contributes to
dampening the inner city traffic noise,
we are creating an environment of
cooler and cleaner air with less noise,
from which people benefit in cities, but
also within buildings, as improved
conditions allow for extended periods of
natural ventilation, thus reducing the
amounts of energy required for cooling
all year round; and giving building
occupants more freedom to control their
individual environment by means of
© Eddie Jacob
healthier and more beneficial natural
ventilation. Furthermore, green envelopes can be applied to both existing and new buildings, and
therefore the overall improvements to the micro-climate of cities can be much reinforced, as the
majority of the built fabric consists of existing buildings of considerable age. Activating them to
contribute to improved and more sustainable performance is an important aspect in the design of
existing cities. Additional benefits such as better stormwater management avoiding flood risks,
improved biodiversity, significant absorption of CO2 etc. will follow.
But the real focus for us at Arup is on
improving and providing healthier, more
pleasant living conditions for a better
and more comfortable existence for
human beings in cities. And we feel that
making the benefits measurable is an
important aspect of bringing individually
considered effects together, being able
to quantify rather than just qualify
© Arup/D. Imade
benefits as a whole. The outcome allows
a clearer cost-benefit analysis to put cities and their building authorities, and also developers and
investors, in a position where they understand that investment in green infrastructure – as an
important element of the built city environment – is no longer just “architectural decoration”, but an
essential, urgently needed element to improve the sustainable operation of buildings with lower
energy consumption, and much improved and significantly healthier living conditions for cities’
inhabitants.
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High Comfort - Low Impact
Thomas Auer, Transsolar, TUM, Germany

Towards a robust building performance
On average, people spend 80 to 90% of their time in buildings [1]. The basic requirement for
architecture is to provide healthy interior spaces, ideally with an exceptional environmental quality.
At the same time, the building sector in the western world accounts for 20 to 40% of the total
energy demand [2]. The European Union’s Carbon Roadmap envisages a 90% reduction of CO2
emissions from the building sector by 2050 compared to 1990 levels [3].
For this purpose, all countries of the European Union have issued energy saving regulations.
However, numerous scientific studies show that the measured energy consumption is sometimes
three times higher than the predicted consumption [4] [5]. This difference is called performance
gap. It mainly results from the difference between design and reality. E.g. just considering the
user behavior: the difference between the assumed and the real user preferences – indoor
temperatures, opening windows, operating shading devices, etc. – contributes significantly to
the performance gap [6]. At the same time, the complexity of building construction is constantly
increasing. Numerous publications show that the predicted energy consumption during operation –
if at all – is only achieved after a monitoring and fine tuning phase.
In summary, it can be stated that the goal – to minimize the energy demand of the building sector
by means of technology with a simultaneously optimized environmental quality – does not provide
the desired success. Too often systems do not work as designed; and even if they do what they
should, it does not necessarily lead to user satisfaction!

Robustness
The balance between “high-tech” and “low-tech” increasingly determines the discourse on the
appropriateness of technical systems with regard to the aim of a CO2-neutral building stock.
The question is whether the complexity in construction and operation of buildings will potentially
provide the desired goal. Unfortunately there is no definition what “low-tech” or “high-tech” means.
The intuitive feeling of what “low-tech” is can be better and more effectively described by the term
robustness. Previous design processes aim to find the so-called global minimum for the respective
task. At the same time, uncertain boundary conditions can considerably influence the result. In
contrast, in case of a robust optimization, uncertain boundary conditions only marginally affect the
results (fig. 1).

Fig. 1: Difference between a global and a robust optimum, in accordance to Rhein (2014) [7]
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Fig. 2: Kletterhalle Brixen, designed by the architects Wolfgang Meraner and Martin Mutschlechner

Conclusion

Keynote

By definition, technology reduces robustness when the result is dependent e.g. on a deficient
building management system (BMS), or user behaviour significantly impacts the result. For
example, the research project e% of the Technical University of Munich (TUM) shows user behavior
in the differently equipped buildings (affordable multi-story apartment blocks). In the buildings with
mechanical ventilation and heat recovery the user still opened the windows, so that the measured
energy demand exceeds the predicted one by approx. 100%. On the other hand, in the naturally
ventilated buildings the predicted energy demand is maintained or even slightly lower. Mechanical
ventilation does therefore not lead to a robust solution for this type of building program in this kind
of climate.

Multidisciplinary Approach Towards Design
of Kinetic Lightweight Sun Shading Facade
Xiaoming Yang, Golnaz Ighany, Miriam Dall’Igna
Specialist Modelling Group – Foster + Partners

The presentation describes multidisciplinary collaboration and challenges to address the design
of a large deployable lightweight sun shading system for a retail unit. The device responds to four
main parameters: solar radiation, views outwards, structural loads and motion. The methodology
involved close collaboration between structural, mechanical, environmental and architectural design
disciplines and fabricators. A series of collaborative workshops took place to validate the design for
fabrication. During those, an immediate response to the design development was possible through
algorithmic anticipation of environmental and structural performance, simulation of motion and
development of the packaging mechanical parts and physical prototyping to validate high precision
geometry of design details. The challenge was resolved by creating an adaptive kinetic envelope,
one that could respond to the sunlight on a south-west facing glazed façade. The idea was to
engineer a visually exciting external shading system that could reduce the direct solar radiation
within the store. Through multicriteria geometrical optimisation and motion simulation the team
created a collaborative framework and enhanced the client’s intent not to disconnect the retail unit
from its urban context. Furthermore, the material application made the scheme unique, and with
no precedent in the field. Our presentation will explore the challenges, the journey and the results
and give some insights on how collaborative approach can help in the process of designing a
performative and adaptive building envelope.

Passive, user-controlled systems potentially result in reduced energy consumption and lower
installation costs. At the same time they increase the robustness of buildings, if design accordingly.
This leads to a improved user satisfaction and reduces the performance gap. Due to the large
number of deficiencies that one can see in the construction industry, robust solutions are absolutely
necessary. In addition, the human being must again be placed into the center of consideration.
Maybe we should trust the wishes and the “human sensory perception” more than control
algorithms, which the user can no longer understand.

Literature
[1] EPA (1989). Report to Congress on Indoor Air Quality. Volume II: Assessment and Control of Indoor Air Pollution. United
States Environmental Protection Agency. EPA/400/1-89/001C
[2] Pérez-Lombard L., et al. (2008). A review on buildings energy consumption information. Energy and Buildings Volume 40.
394-398.
[3] European Commission (2018). 2050 low-carbon economy
URL: https://ec.europa.eu/clima/policies/strategies/2050_en
Website besucht am 09.02.2018
[4] Oberste Baubehörde im Bayerischen Staatsministerium des Innern, für Bau und Verkehr (2017). e% - Energieeffizienter
Wohnungsbau. Abschlussbericht der wissenschaftlichen Begleitung des Modellbauvorhabens. Technische Universität
München. Hochschule Augsburg. Hochschule Coburg.
[5] Schneider B., (2015). Nutzerverhalten bei Sanierungen berücksichtigen. Bine-Projektinfo 02/2015. E.ON Energy Research
Center der RWTH Aachen University.
[6] Delzendeh E., et al. (2017). The impact of occupants’ behaviours on building energy analysis: A research review. Renewable
and Sustainable Energy Reviews Volume 80. 1061-1071.
[7] Rhein B. (2014). Robuste Optimierung mit Quantilmaßen auf globalen Metamodellen. Dissertation. Universität Köln.
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Figure 1: Installed shading system during store opening. Photograph – Nigel Young, Foster + Partners.

The challenge
The client’s retail units are known for their elegant use of glass. However, in harsh climate of Dubai
where the store is located, use of south-west facing glazed façades creates many challenges. For
better energy performance, an outer shading device should be designed, one that would together
with the glazing skin and terrace overhang avoid introducing excessive sunlight into the space.
The store’s site is adjacent to the Burj Khalifa and the façade faces The Dubai Fountain Water
Show, an event that occurs throughout the day into the evening attracting thousands of visitors.
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The client intent was to keep visual connection with immediate surroundings and when there is no
direct solar incidence on the façade, the screens should retract and allow complete connection with
external context. The two conflicting parameters, sun avoidance and views outwards as well as the
façade size and the need to adapt to the environment conditions posed the main challenges to the
problem. Another important aspect of the design was the interaction between the movable structure
and the supporting fixed balcony structure which was in an advanced stage of design by F+P
structural engineering team.

Adaptive Solar Facade
Arno Schlüter, ETHZ, Switzerland

Text not available at time of print.

The journey
Several design options were investigated by the architects in close connection with the client.
At schematic design stage the team concentrated on shading performance, views outwards and
kinetics. When the design direction became clear, a close multidisciplinary team was formed and
using state of the art software and hardware techniques assessed the environmental, structural and
mechanical performance. In addition, physical prototyping was exhaustively explored on design
coordination and decision.
For this large scale deployable structure, the successful installation and first year of operation
proved that the design approach was successful. Design to high levels of geometric precision on all
disciplines helped the smooth transition between digital and physical realms.

Figure 2: Cumulative hourly direct solar radiation results. left & center left - summer solstice without and with shading system,
center right & right - winter solstice without and with shading system

The result
The development of this innovative operable external shading system required the close
coordination of a number of design and specialist engineering disciplines. The geometric and
weight limitations imposed by the constraints of the existing structure drove the design towards the
extensive use of light weight carbon fibre and compact mechanisms and incorporating these with
an optimised shading system.
From tailoring software and optimisation routines, utilising state of the art design techniques
and constant communication, the team tapped innovation on diverse aspects of the system’s
development. However, the application of carbon fibre for a large scale kinetic shading device was
the main structural breakthrough that made the design unique to the field.
While less ambitious than other kinetic systems considered, the final design selected was delivered
within the tight time scale demanded by the client’s store opening date. The result is a distinctive
large scale carbon fibre shading system that is both functional and in keeping with store’s
architecture and the client’s desire for innovation and quality.
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Strategies for Design

What is an Adaptive Façade? –
Analysis of Recent Terms and Definitions
from an International Perspective
Romano Rosa 1, Aelenei Laura 2, Aelenei Daniel 3, Mazzucchelli Enrico Sergio 4
1 Department of Architecture/University of Florence, rosa.romano@unifi.it
2 LNEG-NATIONAL Energy and Geology Laboratory, laura.aelenei@lneg.pt
3 Faculty of Science and Technology/ Universidade Nova de Lisboa, aelenei@fct.unl.pt
4 Politecnico di Milano, enrico.mazzucchelli@polimi.it

Adaptive façades can improve the building’s energy efficiency and economics, through their
capability to change their behaviour in real time according to indoor-outdoor parameters, by means of
materials, components, and systems. Therefore, adaptive façades can make a significant and viable
contribution to meeting the EU´s 2020 targets. Several different types of adaptive façade concepts
have already been developed, and an increase in emerging, innovative solutions is expected in the
near future. According to recent research, the word ‘adaptive’ in the context of building façades is
often associated in the literature with a long list of similar words. Moreover, there is no consistent
definition of façade adaptability, although studies exist in relation to characterisation issues, design
parameter, and classification. Even within the discipline of architecture and engineering, words
such as ‘smart’, ‘intelligent’, ‘interactive’, ‘adaptive’, or ‘responsive’ have been used loosely and
interchangeably, creating confusion as to their specific meaning and their conceptual relationship to
building performance and design. In response to this, the goal of this paper is to build a provisional
lexicon, or descriptive, behavioural, and methodological words, to assist researchers and designers in
navigating the field of high-performance façades that incorporate materially innovative and feedbackbased systems. It offers a brief overview of current advances in this nascent and rapidly evolving field
and articulates a broader conceptual territory for the word ‘adaptive’, used in many cases to describe
the technological systems that interact with the environment and the user by reacting to external
influences and adapting their behaviour and functionality. The objective of this paper is to contribute
to these developments by presenting the findings. Furthermore, common definitions will be proposed,
based on the characterisation design parameters, classification approaches, and real case studies.

Keywords: Adaptive Façade, Energy Efficiency, Comfort, Passive Design, Intelligent Buildings,
Sustainable Architecture
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Experimental Tests

Towards New Metrics for the
Characterisation of the Dynamic
Performance of Adaptive Façade Systems
Bianco Lorenza 1, 2, † , Cascone Ylenia 1, Avesani Stefano 3, Vullo Pascal 3, Bejat Timea 2,
Loonen Roel 4, Koenders Stefan 4, Goia Francesco 5, Serra Valentina 1, Favoino Fabio 1
1 Politecnico di Torino, Department of Energy, Torino, Italy. *fabio.favoino@polito.it
2 Univ Grenoble Alpes, CEA, LITEN, DTS, SBST/LCEB, INES, Grenoble, France
3 Institute for Renewable Energy. Eurac Research, Bolzano, Italy
4 Eindhoven University of Technology, the Netherlands
5 Department of Architecture and Technology, Faculty of Architecture and Design, Norwegian University of Science and Technology, NTNU, Trondheim, Norway

Traditional façade characterisation metrics such as U-value and g-value are of limited value in the
design process of buildings with adaptive façades. This issue is particularly important for adaptive
façade components that have the capability of controlling thermal energy storage in the construction
thermal mass. Building performance simulations can help to analyse the performance of buildings
with adaptive façades, but such studies usually only provide information about the energy and
comfort performance at room level. Consequently, there is a need for development and testing of new
façade-level performance metrics that can be used to compare the performance of different adaptive
façade components. This paper presents experiences and lessons learned from four European R&D
projects that have introduced novel metrics to capture the dynamic performance of adaptive opaque
façades. Characteristics of the different metrics are described, and their similarities and differences are
compared and contrasted. The paper highlights the main benefits of metrics that can capture dynamic
effects, and concludes by providing directions for future work.

Keywords: Adaptive façade, double skin, adaptive insulation, performance metrics, experimental
characterisation.
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Products and Materials

Smart and Multifunctional Materials and their
possible application in façade systems
Miren Juaristi 1, Aurora Monge-Barrio 1, Ulrich Knaack 2, Tomás Gómez-Acebo 3
1 Universidad de Navarra, School of Architecture, Spain, mjuaristi@alumni.unav.es
2 Faculty of Architecture and The Built Environment, TU Delft, the Netherlands
3 Universidad de Navarra, TECNUN School of Engineers, Spain

Today’s society needs to face challenging targets relating to environment and energy efficiency,
and therefore the development of efficient façade systems is essential. Innovative concepts such
as Adaptive Building Façades might play a role in the near future, as their dynamic behaviour could
optimise the performance of a building. For their successful development, a balance between
sophistication and benefit is necessary and the implementation of Smart and Multifunctional Materials
in building envelopes could be the key, as they have the ability to repeatedly and reversibly change
some of their functions, features, or behaviours over time in response to environmental conditions.
However, these materials were predominantly developed for use in other fields, and there is a lack
of specific technical information to evaluate their usefulness in façade engineering. The aim of this
paper is to collect the critical information about promising responsive materials for use in the design
of Adaptive Façades, in order to help designers and technicians in decision-making processes and to
scope possible future applications in façades. Investigated materials were analysed from the Building
Science standpoint; their weaknesses and threats in the built environment were highlighted, and their
technical feasibility was examined through the study of their availability in the current market.

Keywords: Responsive, autoreactive, intelligent, adaptive, design, innovation
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Passive Adaptive Façades – Examples from
COST TU1403 Working Group 1
Enrico Sergio Mazzucchelli a), Rosa Romano b), Laura Aelenei c), Maria da Gloria
Gomes d), Theoni Karlessi e), Mark Alston f), Daniel Aelenei g)
a) Politecnico di Milano, Italy
b) University of Florence, Italy
c) LNEG-National Energy and Geology Laboratory, Portugal
d) Universidade de Lisboa, Portugal
e) National and Kapodistrian University of Athens, Greece
f) University of Nottingham, United Kingdom
g) Universidade Nova de Lisboa, Portugal, aelenei@fct.unl.pt

Buildings often adopt strategies based on the integration of solutions and technologies in façades
capable of changing their behaviour in time to improve energy efficiency and comfort. Considering
that the envelope is the main parameter that influences the energy performance of buildings, façade
elements with adaptive features can provide the buildings the necessary flexibility needed in terms of
energy flow and thermal comfort in the context of nZEB, where the buildings must be interactive in the
zero energy and smart city context. Several different types of adaptive façade concepts have already
been developed, and an increase in emerging, innovative solutions is expected in the near future.
However, when referring to adaptive technologies, two main categories can be distinguished. Adaptive
technologies, which rely on passive design to improve building energy efficiency and comfort, and
active technologies which include renewable harvesting. The aim of this paper is to provide several
examples of passive adaptive technologies and their performance features from COST TU1403
Working Group 1 database.

Keywords: adaptive façades technologies, energy efficient design concepts, examples

1

Introduction
The buildings energy demand as well as its environmental impact can be reduced and modified
by employing passive and active measures. In this context energy-efficient adaptive façades
emerge which are designed to adequately react to daily and seasonal changing external conditions.
Moreover, depending on the climate where the building is located, the requirements on the
façade can be completely opposite during summer and winter, as well as during night and day.
For example, in winter solar energy gain may be allowed into the building during the day while
together with a high level of thermal insulation in order to allow the energy to be stored. During
summer, however, excessive solar gain should be avoided to prevent overheating in most cases.
According to literature, adaptive façades consist of multifunctional highly adaptive systems, where
the building envelope is able to change its functions, features or behaviour over time in response to
transient performance requirements and boundary conditions, with the aim of improving the overall
building performance (Loonen et al. 2015). Façade elements with adaptive features can provide
the buildings the necessary flexibility needed in terms of energy flow and thermal comfort in the
context of nearly zero energy buildings (nZEB) (Garde et al., 2017) or energy-efficient interactive
buildings, both of which are essential parts of any smart city initiative. Several different types of
adaptive façade concepts have already been developed, and an increase in emerging, innovative
solutions is expected in the near future. However, when referring to adaptive technologies, two
main categories can be distinguished. Adaptive technologies, which rely on passive design to
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2

Passive Adaptive Façades
We can refer to passive adaptive facades as the facades provided with technological systems
which do not require power, controls and require little or no maintenance. Some of these facades
are designed with moving parts to allow the increase of the energy performance and indoor comfort
of the new or existing buildings where they are integrated. The passive façades falling into this
category are: double skin façades; wood based responsive building skins; glass surface with silkscreened patterns of ceramic-based paints; brise-soleil and fixed or pivot-mounted louvres; lightdirecting systems and Trombe wall. The passive facade mostly designed to react to changes from
external factors should be able to:

•
•
•
•
•
•
•

•
•
•
•
3

Fig. 1 Closed and opened cavity. The autoreactive façade system adapts its U-value to changing exterior climate conditions and
allows natural ventilation of the cavity to avoid overheating due to stack effect (Molter and al. 2017).

Maximize direct solar gains as it is fitted with extensive glass surfaces with high thermal insulation
and should be equipped with shielding systems to control the glare effects and provide protection
from solar radiation in summer;
Accumulate solar energy even when it does not directly penetrate the room, using technologies
such as Trombe walls, or air- and water-based solar collectors;
Provide buffer zones between the transparent and opaque closure systems in order to increase the
protection against the cold and exploit solar energy in winter;
Reduce indoor overheating during the summer months through the presence of artificial and/or
natural solar screens;
Increase natural lighting by creating transparent openings of suitable sizes;
Encourage natural ventilation by reducing energy consumption for summer air conditioning;
Integrate solutions for the adoption of passive cooling systems that ensure a temperature reduction
inside the building in the summer months by night free-cooling.

Double skin façades consist of three functional layers. Typically, the exterior façade layer is made
of single glazing. It is separated from the interior glazing, which is the really “indoor” envelope and
usually consists of a double glazing. The distance between interior and exterior façade layer can
vary as it depends on the specific design. In order to utilise the effect of a thermal buffer in the
space between the two façades, ventilation openings are installed in either one of the exterior and
interior façade or in both. The air in the gap between the façades heats up due to solar radiation
and in this way, it works as a buffer toward the interior space (Knaack et al. 2007). Due to the
thermal difference, the warm air can be used, for example, as a generator of natural ventilation of
the indoor room. However, overheating of the cavity in double skin façades could be an important
issue. Due to absorption of the solar radiation of sun shading devices, often installed in the cavity, a
so-called stack effect can raise the temperature in the cavity itself. These indirect solar gains have
a major impact on the indoor comfort, as the raising temperatures of the cavity are transferred into
the adjacent internal spaces creating additional cooling loads to the building (Molter et al. 2017).

Passive envelopes are usually integrated in residential buildings, with low energy demand, where
the users assume the management responsibility for the regulation of the moving parts which
enable the envelope to perform in a number of different ways according to daily or seasonal
changes. These envelope solutions, however, can have some drawbacks as they could:

In this regard an interesting application has been studied by Molter and al. 2017: within a unitized
double skin façade system, four thermal cylinders are warmed up by the raising temperature in
the cavity and expand at a temperature of 23°C. By a telescopic movement, the outer skin of the
façade is pushed outwards (see Fig. 1). This allows external air ventilation of the cavity and, at
the same time, an evacuation of the absorbed heat. In case of a fall of temperature, the thermal
cylinders redress and close the cavity, which creates a buffer zone and improve the U-value of the
glazed façade unit. The temperature range of the triggered components can be adapted to specific
contextual requirements as climate zones, façade orientation and user preferences. This process
can be repeated several times within one hour since the paraffin has a relatively short reaction time.
In this regard, the kinetic components have been used as ventilation elements in greenhouses for
decades and show an almost maintenance free and unpowered solution (Molter and al. 2017).

Restrict the aesthetic/architectural design due to adoption of standard technological solutions;
Be closely linked to the user’s management and behaviour, if not connected to building
management systems that can be set up to assume the various “bioclimatic” configurations
autonomously;
Require a specific regulation to change their performance in relation to the changing outdoor
weather conditions (and these interventions are not always simple);
Not make efficient use of solar energy due to both the reduced uptake ability of the passive building
components and the absence of effective systems for heat accumulation and distribution.

Passive Adaptive Technologies and Performance Features
As mentioned above, among the most common examples of passive adaptive façades there are:
double skin façades; wood based responsive building skins; glass surface with silk-screened
patterns of ceramic-based paints; brise-soleil and fixed or pivot-mounted louvres; light-directing
systems and Trombe wall.
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improve building energy efficiency and comfort, and active technologies which include renewable
harvesting. The aim of this paper is to provide several examples of passive adaptive technologies
and their performance features from COST TU1403 Working Group 1 database.

Other applications based on wood responsive building skins have been investigated by Bridgens
et al. 2017 and Mazzucchelli and Doniacovo 2017. These components can be used as cladding
panels, sunscreen, passive layer (see Fig. 2) for photovoltaic systems (Mazzucchelli and
Doniacovo 2017), etc. It should be considered that usually, depending on species and natural
durability, timber cladding is often treated with fungicide and/or waterproofing oils. This is not
possible in adaptive use, because any surface treatment would prevent the wood from responding
to changes in ambient moisture, for example. The exact requirements for each property varies
depending on the specific application. For instance, hygromorphs with high responsiveness (i.e.
producing large curvature changes at small changes in relative moisture content) may be required
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for indoor applications, where the materials need to react to relatively small changes in ambient
humidity, but for these applications the requirements for strength and durability are not onerous. In
contrast, the focus of the material design criteria for outdoor applications shifts towards increased
durability and structural resistance, where a comparatively lower responsiveness may be sufficient
considering larger fluctuations in external humidity and exposure to precipitation. Similarly,
hygromorphs with a rapid response that is completed within minutes allows adaptation to abrupt
sporadic changes in the ambient moisture conditions (i.e. a rain shower) whereas a much slower
response is needed for periodic daily and seasonal weather patterns (Bridgens et al. 2017).

deciduous plants are the best choice as they lose their leaves in winter, increasing the possibility
of solar radiation to enter the building during the heating period (see Fig. 3). However, it should be
considered that plants must be trimmed regularly and that an irrigation system should be planned
too.

Fig. 3 Example of seasonal green sunshield.

Fig. 2 Render of the 15x10 cm lamellae panel (on the left) and 15x60 cm flakes panel (on the center). Wooden panel substructure (on the right). The wood layer is used to optimize the photovoltaic layer curvature in relation to the external environmental
conditions. In this case passive and active technologies are combined together.

Among the technologies to optimize the use of solar energy by the building envelope technologies,
thermochromic materials, of which optical properties vary at a characteristic temperature value,
assume a relevant position. These materials can adapt to the variations of temperature by the effect
of solar radiation during the day and throughout the different seasons of the year. Thermochromic
glass have been widely studied. Specifically, for the opaque envelope, materials with high solar
absorptance (low reflectance) for low temperatures and low absorptance (high reflectance)
for high temperatures are of interest (Gavira et al. 2017). There are different technological
approaches to optimize the use of solar energy in building elements, with the aim of improving
the energy efficiency and to reduce the effect of solar absorption in buildings on the warming of
urban areas. Such use depends directly on the optical properties of the exterior surface of the
facade, which include not only its color but also its reflectance and absorbance over the entire
wavelength range of solar radiation. This effect has been studied (Gavira et al. 2017) with the goal
to determine the temperature for which it is favorable to change from the grey cement properties
in the facade to those of the belitic cement, as a first approximation for a critical temperature of
a thermochromic mortar. The study showed that the northern orientation, with almost coincident
surface temperatures with the outdoor temperature, is considered the optimal to take advantage of
thermochromic coatings. The surface temperature of the exterior coating is adequate in this case as
the trigger parameter for the change in optical properties of the coating material.
The energy demand of a building can be further optimized by a façade system that can change its
permeability to solar energy, using sunscreens. Fixed sun protection provides a good opportunity
for shading. Horizontal elements mounted at ceiling level that protrude far out of the façade
are known as brise-soleil. Another solution is fixed, or pivot-mounted louvres mounted onto the
façade. However, they do not achieve the same protection values as those that can be adjusted by
angling. In any case, the maintenance and cleaning of the glass panes needs to be considered at
an early stage. Using plants or trees is another method of providing fixed shading. In this regard,
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A further simple method of sun protection is to imprint the glass surface with silk-screened patterns
of ceramic-based paints that consist primarily of pigmented glass particles, called frit, that only
affects the glass pane itself. Graphic elements of any pattern or grid can be applied to the glass to
reduce the incident sunlight. This method offers a wide range of possible variations and in this way
the sun protection can be adapted to the requirements of the specific usage (Knaack et al. 2007).
Quite often, natural lighting is insufficient for very deep rooms, especially if work places are located
on the far side of the façade. In these cases, systems that direct the light into those areas can be
used. Light-directing systems work in different ways: some are horizontal elements that direct the
light by reflection, some are vertically inserted into the sun protection system or the glass layer.
These elements do not reflect the light but re-direct it at a different angle. Many solutions are
available, all based on this principle: holographic foils, fine prismatic surfaces and reflective louvres
arranged in specific geometries, etc.
Among the passive systems, the Trombe wall is probably the most simple and well-known collector
wall. It uses the greenhouse effect (Konstantinou et al. 2018): short-wave sunlight penetrates
the glass panes on a sun-facing wall and hits on a dark absorbent layer, where it is absorbed
and transformed into long-wave heat radiation. The heat in the gap between the façade layers is
transmitted through the wall into the room behind it.
Depending on the structure of the wall and its storage capacity, the heat gained can be discharged
quickly or over a long period of time, well into the evening hours. If there are openings at the
top and the bottom of the wall, then the thermal difference within the gap causes the room air to
circulate. If additional openings are installed in the exterior glass layer, the air circulation within the
gap feeds warmed fresh air into the room. The same principle applies to leading exhaust air out of
the exterior façade.
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Sunlight that makes it through this outer IGU passes into an inner IGU that is filled with sealed
polycarbonate channels into which a translucent salt-hydrate PCM is encapsulated. PCMs store
heat as they change phase from solid to liquid (melt) over a narrow temperature range, then they
release that heat as they cool off.

Fig. 5 Example of triple glass component. The prismatic panel reflects the radiation during summer and instead allows the
heating of the thermal storage module (PCM in a polycarbonate box) in the winter season. The whole system, which looks like a
translucent window, has a thickness of 80 mm, a thermal transmittance of 0.48 W/m2K and a light transmission coefficient that
can reach up to 45% (GlassX AG technical documentation - www.glassx.ch).

4

Examples of Passive Adaptive Technologies from
COST TU1403 Working Group 1 Database
In this section some case studies of passive adaptive façades from COST ACTION TU1403 WG1
database are selected based on the typologies presented in the section 3 above.

Fig. 4 Principle of Trombe wall and attached sunspaces (Konstantinou et al. 2018).

One can mention in the same context the Transparent heat insulation (THI). THI elements are
usually installed in front of the absorbing wall (for example a Trombe wall). In this way the solar
radiation penetrates the THI elements and heats the absorbing wall while the THI elements
minimize heat loss toward the exterior. However, in order to prevent overheating in summer, sun
protection has to be installed in front of the THI itself.
THI elements can also be used alone without a collector wall to light the room with diffused light
and to improve heat insulation at the same time. Transparent heat insulation can be based on
different operating principles whereby the geometric arrangement of the THI layer varies. All THI
elements increase heat insulation and let diffuse light enter the room, depending on the method
of construction. In order to protect the materials used, they are all installed between two layers of
glass (Knaack et al. 2007).
Another example is a triple glass component, where prismatic panels reflect the solar radiation
during summer and instead allow the heating of a thermal storage module (PCM in a polycarbonate
box) in the winter season (Fig. 5). An outer insulated glazing unit (IGU) has a suspended prismatic
filter between the panes of glass that reflects higher-angle sunlight back out while transmitting
low-angle sunlight. This offers a passive solar-control mechanism for south-facing glass to keep out
most of the high summer sun, while benefiting from the lower-angle winter sun.
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A first example is the ENERGYbase building (Architekten ZT KG, Vienna, 2008). ENERGYbase
design is based on the following adaptive passive façade approach. A stepped façade acts as
solar generator and sunshield together with a solar cooling plant and plants filtering the air indoors
for top quality. The passive thermal gain goes to the south-facing rooms directly and to the northfacing rooms indirectly, via the ventilation system. With its special form, the stepped façade delivers
these gains only in winter; in summer sunlight cannot enter the rooms directly, as each step in the
façade in overshadowed by the step above. Just behind the stepped façade perforated anti-dazzle
slats are located, with the air exhaust for the entire storey above them. This arrangement means
that warmed air behind the façade is exhausted directly, not drawn into the centre of the room. On
sunny winter days this air passes through a heat exchanger, so its heat content is transferred to
fresh air and thus reaches the north-facing rooms, too.

		a)						 b)
Fig. 6 a) ENERGYbase building (Architekten ZT KG, Vienna, Austria). b) Detail of the South façade.
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Another example is the GSW Headquarters (Sauerbruch Hutton, Berlin, 1999) with its double
skin colored panels on the west façade which creates a cavity that helps to manage solar heat
gain and natural lighting. An integrated system of closures, construction technique of low energy
consumption inside the wall, allows natural cross ventilation, facilitating the passage of air from
front East to West through the interior spaces and through specially designed openings in the
corridors. The louver system on the west facade has an important role in reducing the use of
artificial heating and cooling. The western facade has a second glass skin that ventilates and cools
the building, dispelling hot and stale air. In addition, the double façade serves as a second buffer
for thermal and acoustic variations. Convection in the double west façade of the building creates a
negative pressure that can pull cool air through the building. When the two facades windows open,
fresh air flows flowing from East to West. Because of control fins on the top and bottom of the solar
chimney this air flow is independent of the external conditions and allows the air change to be
comparable to the mechanical systems.

Fig. 8 Solar Building XXI in Lisbon (Portugal).

One of the strategies adopted in the design of solar XXI building in order to reduce the thermal
loads and provide a good thermal comfort conditions consisted in optimization of building envelope.
The set of ventilation strategies (day and night) provide a high comfort level in the summer,
especially when applicable during night period minimizing the thermal loads accumulated during
daytime within the building and its temperature. The location and dimension of central skylight as
a main light distributor in the central hall is fundamental, as also the translucent vents in the doors,
which communicate from south and north spaces to corridor and the glazing areas distributed
all over the building envelope. These important features adopted in the building design led to a
reduction of the electric light building consumption. The building shows how in modern construction
passive active adaptive technologies are combined together in order to achieve the Zero Energy
goal.

5

Conclusions
When referring to adaptive technologies, two main categories can be distinguished. Adaptive
technologies, which rely on passive design to improve building energy efficiency and comfort, and
active technologies which include renewable harvesting. This paper provides several examples of
passive adaptive technologies and their performance features from COST TU1403 Working Group
1 database. Current typologies based on passive adaptive technologies found in the international
projects include double skin façades, wood based responsive building skins, glass surface with silkscreened patterns of ceramic-based paints, brise-soleil and fixed or pivot-mounted louvres, lightdirecting systems and Trombe wall. However, because façade elements with adaptive features can
provide the buildings the necessary flexibility needed to deal with all the challenges buildings face
in terms nearly zero energy buildings (nZEB) and energy-efficient interactive buildings, an increase
of new innovative passive adaptive solutions is expected in the near future.

Fig. 7 Façade example, GSW Headquarters (Sauerbruch Hutton) in Berlin (Germany).

A third example is provided by Solar Building XXI (Architects Pedro Cabrita and Isabel Diniz),
built in 2006 at LNEG (National Energy and Geology Laboratory) Campus in Lisbon. Solar XXI is
an example of a low energy building using passive systems both for heating and cooling (ground
cooling) towards a Net Zero-Energy Building (NZEB) (Aelenei and Gonçalves, 2014). From the
NZEB goal perspective, the building, whose design is based on a combination of passive design
techniques with renewable energy technologies (PV, solar collectors) may be currently considered,
a nearly Zero Energy Building.
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The adaptivity of façades is increasingly recognized as an important functional feature to be integrated
with the state-of–the-art building technology. The aim is thereby to control its reversible system states
in real-time to adapt to current indoor and outdoor conditions. Concepts reported elsewhere integrate
two or more functions related to structural integrity, ventilation, heating and cooling, solar protection,
as well as energy generation and storage. Although advantages are perceived obvious, the number
of realized case studies remains limited. Triggered by this observation, the authors of this contribution
report research findings from a literature study and interviews with stakeholders in the field, including
contractors, building consultants and architects. The three key-findings suggest that (1) the functions
daylighting and energy generation/storage are most commonly integrated into façades or façade
components characterized as being adaptive, (2) interviewees are divided on the implementation
potential of most of the designs/concepts and (3) the aesthetics of the design, (investment) costs,
durability and required maintenance are critical for a widespread market uptake. Herewith, this paper
contributes new knowledge to the discussion related to finding the right level of system integration in
building technology.

Keywords: adaptive façades, practitioners view, building integration, market uptake, façade
functions

1

Introduction
Whilst conventional, static façades do not have the ability to respond to varying meteorological
conditions and comfort wishes, climate adaptive façades can utilize this variability to reduce the
energy demand and improve indoor air quality and comfort (Loonen, Trčka, Cóstola, & Hensen,
2013). The climate adaptive façade concept may take a wide variety of physical forms (Loonen,
Hensen, Trčka, & Cóstola, 2010; Loonen et al., 2013), with each adaptive façade or component
thereof having its own characteristics. Concepts reported elsewhere (Loonen et al., 2010) integrate
two or more functions related to structural integrity, ventilation, heating and cooling, solar protection,
as well as energy generation and storage. These functions correspond with the six ideal functions
of an adaptive façade as identified by Struck et al. (2015).
Despite the diversity in the manifestation of adaptive façades and the many available options, it
has been noted that the concept has yet to mature (Loonen et al., 2010); thus far, the number of
realized case studies remains limited (e.g. Prieto, Klein, Knaack, & Auer, 2017). In the literature, a
number of barriers have been identified that underlie this observation. Haase, Andresen, & Dokka
(2009) mention issues with integration into the building, such as aesthetics, functionality, economy
and flexibility. Prieto et al. (2017) also mention physical integration as an issue, but found that the
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In the present study, the authors aim to investigate the practitioners’ view on the implementation
potential of climate adaptive façades to increase comfort and reduce energy demand. Three
research questions are formulated accordingly:

C

Which functions are most commonly integrated into façades or façade components characterized
as being adaptive?
How do stakeholders assess the advantages and disadvantages of a number of specific façade
concepts?
Where do the addressed stakeholders see the obstacles hindering a widespread market uptake?

2

Research methods

A
B
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development process is more critical; coordination among different disciplines and stakeholders is
problematic.

Each interviewee’s assessment of each of the eight designs and concepts is rated on a five point
Likert scale (-2 to +2). Consequently, the mean of every stakeholder group is calculated using these
numeric values.

3

Introduction to adaptive façade designs and concepts
Fig. 1 shows a categorization of the hundred climate adaptive building shells from Loonen et
al. (2010) according to eight functions, in accordance with Struck et al. (2015). The functions
daylighting and energy generation/storage are most commonly integrated. (Note that climate
adaptive building shells may have multiple functions.)

To answer these research questions, a literature study is undertaken and interviews are conducted.
The inventory of climate adaptive building shells from Loonen et al. (2010) is used as a starting
point. To answer the first research question (a), the hundred climate adaptive buildings shells are
analyzed and categorized.
From the hundred climate adaptive building shells, the eight most promising designs or concepts
are selected by conducting a multi criteria analysis (MCA), using technology readiness, complexity
and the potential to be integrated with the buildings’ energy generation and distribution system, as
criteria.
To answer the second (b) and third (c) research questions, semi-structured interviews are
conducted with relevant stakeholders in the field. In these interviews, the previously selected eight
specific climate adaptive façades or façade elements are discussed. The interviewees include
architects (2), building consultants (3), contractors (2) and a representative of a maintenance
company (1). Table 1 contains background information on the interviewees. Although the study
is geographically limited to the Netherlands, several interviewees indicated their company has
projects abroad.

Fig.1: Functional categorization of adaptive façades

Using technology readiness, complexity and the potential to be integrated with the buildings’ energy
generation and distribution system as criteria, a multi criteria analysis (MCA) is conducted on the
hundred aforementioned concepts/designs. The eight concepts with the highest scores are selected
for further analyses. See Table 2.

Table 2: Eight concepts/designs with highest MCA scores

The eight concepts from Table 2 are described briefly below. For more extensive descriptions, see
Loonen et al. (2010).
Table 1: Eight concepts/designs with highest MCA scores
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GlassX Crystal is a transparent façade part which contains a phase change material (PCM) that
stores heat during the day and releases heat at night. The functions daylighting, thermal insulation
and energy generation/storage apply to this design. See Fig. 2.

Fig. 3: Beadwall

The Bloomframe Balcony is a window frame that can be transformed into a balcony. Besides
adding daylighting and ventilation, the floor area of a building is – temporarily – increased with this
system.

Fig. 2: GlassX Crystal

The blight design comprises blinds which are equipped with photovoltaic cells. The electricity that
is generated during the day is stored in a battery. At night, this electricity is used to illuminate the
interior via electroluminescent foil.
The EWE Arena refers to a concept in which a kinetic second skin of photovoltaic panels is placed
around a building. Besides generating electricity, this systems also provides shading to rooms that
are – at a certain time of day – exposed to direct sunlight.
The Smart Energy Glass allows occupants to switch its optical properties. The energy needed is
generated by photovoltaic cells at the edges of the window. The functions daylighting and energy
generation/storage apply to this design.
The Climate Adaptive Skin refers to a concept in which all functions for heating, cooling, solar
protection, energy generation/storage and ventilation are integrated into a single skin. Also see
Hasselaar & Looman (2007).
The Beadwall comprises a design in which moveable insulation material can – on demand – be
blown into the space between two window panes to provide shading and insulate the window. See
Fig. 3.
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The Kameleon concept consists of an aluminum box with replaceable coffers that can perform
different functions, such as energy genearation/storage, air purification, advertising (communication
in Fig. 1) and rainwater drainage.

4

Stakeholders’ assessment of adaptive façade designs and concepts
The stakeholders’ assessment of the eight adaptive façades concepts/designs is summarized
in Table 2, and discussed below. The results are presented using a five point Likert scale. The
extreme positive and negative responses are associated with the +2 and -2 accordingly. The
results allow to identify differences in the perception of adaptive façade concepts by four different
stakeholder groups. See Fig. 4.
The assessment of the concepts/designs are more differentiated. Fig. 5 shows that six out of eight
concepts/designs are assessed slightly positive whilst two concepts, Beadwall and Kameloen
concept, are assessed moderately negative. A more detailed summary of the feedback per concept/
design is provided below.
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GlassX Crystal: Architect 1 highlighted the aesthetical aspect and noted that, even if certain
materials are considered aesthetically pleasing at one point, these may grow out of fashion. The
advantage that this system combines light-weight construction with comfortable indoor climates
was noted by building consultant 2 and the contractors. Building consultant 3 finds it more obvious
to apply phase change materials (PCMs) in floors than in windows. The limited durability of PCMs is
a concern of both contractor 2 and the maintenance company.
Blight: Multiple interviewees noted the fact that blinds are more effective when these are placed
on the exterior, though this requires more intensive maintenance. Many interviewees also noted
that occupants are generally not content with automated systems like these, in particular when
these obstruct the view. Contractor 1 mentioned the advantage that this system can be sold as a
component, and building consultant 3 mentioned its applicability for renovation purposes. Architect
1 noted the importance of having choice in dimensions and colors for a widespread market uptake.
EWE Arena: Both architects, as well as building consultant 3, positively assessed this design.
These interviewees expressed their enthusiasm on the idea of a building following the sun path.
Building consultants 1 and 2 mentioned the high costs of the system as being large obstacles for
a widespread market uptake, whilst the contractors wondered how this concept might work on a
rectangular building.
Smart Energy Glass: Both the contractors and the architects consider the high costs of the system
relative to simple solutions (such as curtains) disadvantageous, though architect 2 noted the
interesting aesthetic effect that could be accomplished upon application in e.g. hotels. Building
consultant 3 mentioned that the desired visual comfort conflicts with the wish to reduce the solar
heat gain.
Climate Adaptive Skin: The interviewees were highly divided on the (dis)advantages of the
Climate Adaptive Skin concept. Contractor 1 positively assessed the fact that this could be a
modular system. Architect 1, however, felt this concept restricts design freedom. Whereas building
consultant 3 noted this concept could imply savings on distribution pipes and channels, the costs of
the system were of concern to building consultant 2. With regard to maintenance, the importance of
accessibility to individual systems was stressed.
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Table 3: Results of interviews

Bloomframe Balcony: Architect 2, as well as building consultant 1, did not see the advantage of
this design over a traditional balcony. This is in line with the statements of contractor 1 and building
consultant 3, who called it a ‘nice gadget’ without much added value. Building consultant 2 and
architect 1, on the other hand, were positive as they felt this system can enhance the experience of
an indoor space by connecting it to the outdoors.
Kameleon Concept: None of the interviewees were positive on this concept. Architect 2, contractor
1 and building consultant 3 found it illogical to integrate these functions in a façade. The
representative of the maintenance company mentioned the required extensive maintenance on
filters and moving parts as disadvantageous.

Fig. 4: Average scores by stakeholder group

5

Fig. 5: Average scores by concept/design

Discussion
Although the number of stakeholders interviewed does not allow to provide statistically significant
results, the data does allow some indicative conclusions. The results show that, within stakeholder
groups (e.g. architects), the assessments of certain concepts/designs varies strongly.
The individual scores in Table 3 show a great diversity of scores from -2 relating to a negative
perception to +2, indicating a positive perception. It can also be noticed that stakeholders did not
give an opinion on all concepts. There are two possible reasons to for this. The interviewee did
assess himself, at the time being, not knowledgeable enough to give an educated assessment or
as observed in a different case the interviewer was not able to discuss the concept/design within
the time available for the interview.
Fig. 4 indicates that, from the pool of interviewed stakeholders, the building consultants response
to the eight chosen adaptive façade concepts/designs was the most critical with an average score
of -0.56. The most positive score came from the contractors with an average score of +0.47. The
response from the façade maintenance professional was overall neutral. None of the scores were
extremely positive or negative.
From Section 4, a number of parameters can be extracted which were found to be of interest to the
stakeholders. The aesthetics of the design, (investment) costs, durability and required maintenance
were identified as critical for a widespread market uptake. This is in line with the findings of Haase
et al. (2009).

Beadwall: This concept is not assessed positively. Architect 1 and Contractor 2 were negative about
the aesthetics. Building consultant 2 anticipates practical and technical problems, whilst building
consultant 3 and the maintenance company did not see the advantage of this system over currently
available highly insulating glazing.
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Conclusions
In this paper, the authors qualitatively investigated the practitioners’ view on the potential of climate
adaptive façades to increase comfort and reduce energy demand.
It has been investigated which functions are most commonly integrated into façades or façade
components characterized as being adaptive. To that end, the hundred climate adaptive building
shells from Loonen et al. (2010) were categorized in eight functions. The functions daylighting
(35%) and energy generation/storage (26%) are most commonly integrated. Few concepts/designs
have a bearing (1%) or acoustic (2%) function.
It was furthermore investigated how stakeholders assess the advantages and disadvantages of
eight specific façade concepts and where these stakeholders see obstacles hindering a widespread
market uptake. To that end, eight promising designs/concepts were used as input for the interviews
with eight professionals, which included architects, building consultants, contractors and a
representative of a maintenance company.
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This research work aims to demonstrate the attractiveness of a safe renovation strategy based on new
façade additions combining inteGrated Efficient Technologies- (GETs). The research project proposes
the highest transformation of the existing building’s shell with external strengthening structures, which
generate energy efficient buffer zones and at the same time increase the building’s volume (with

It has been found that the interviewees are highly divided on the implementation potential of most of
the designs/concepts. Remarkably, it is found that – on the whole – the two interviewed contractors
were most positive, whilst the building consultant stakeholder group was found to be most negative
on the implementation potential of the eight designs/concepts.

balconies, sunspaces and extra rooms, according to users’ needs or expectations).
The building model is defined by using the building energy simulation software, EnergyPlus v8.4, with
the graphical definition of the geometry, dimensions and positions of the thermal envelope assigned
by means of the interface of Design Builder v4.6. More specifically in this report 4 different GET
configurations were considered, with a specific focus on their energy efficiency’s evaluation. These

Aesthetics, (investment) costs, durability and required maintenance have been identified as critical
parameters for a widespread market uptake

GET configurations include the first scenario of an extra room and a balcony, the second scenario
consists of the extension of the existing room with window; the third scenario is the sunspace, and
lastly, the fourth scenario represents a balcony. Based on the results, for the third facade scenario the
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the sensitivity of the energy outputs based on the different façade configuration. These results can be
combined and associated to the specific architectural design configurations.
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to 158.73kW, a reduction of 41% from the current state of the building. The obtained results prove

1

Introduction
Buildings are responsible for approximately 40% of the energy consumption and 36% of the CO2
emissions in the EU. More in detail, about 35% of the EU’s buildings are over 50 years old while
considering also the poor maintenance conditions globally almost 75% of the building stock has
very low energy efficiency performance. Moreover, only 0.4-1.2% of the building stock is renovated
each year (European Commission). It is clear that the renovation of existing buildings has highest
potential to lead to significant energy savings in order to keep the European Union competitive, as
the clean energy transition changes global energy markets.
As underlined by Eliopoulou and Mantziou (2017), the refinement of architectural space plays
a catalytic role in the building’s energy balance. By applying solely architectural interventions, a
reduction of 44% of the energy demands was achieved for an old and energy-consuming school
complex selected as case study. The use of prefabricated timber façade elements in the renovation
of buildings for Belgium climate has been investigated by Coupillie et al. (2017). Sandber et al.
(2016) have compared a newly developed wood façade element system with traditional façade
renovation solutions and evaluated on two buildings in Finland. Especially technical areas have
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The potential of remodeling of glass facades, along with applying the concept of smart technologies
has been analyzed by Tovarovic et al. (2017). Hachem and Elsayed (2016) have presented a study
of the effect of geometric design of equatorial-facing, double skin facade on energy performance
of multi-story office buildings, showing that the position of fold and the depth of the cavity have a
significant effect on thermal load and energy generation potential. Instead, Dermentzis et al. (2018)
have analyzed the performance of an innovative heating and ventilation system integrated into a
prefabricated timber frame façade; this was developed and installed in a flat during the renovation
of a multi-family house in Ludwigsburg, Germany. A compact solar thermal facade module with the
internally extruded flow channel suiting for solar renovation concept in buildings has been studied
by Shen et al. (2016).
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been investigated and compared, such as adaptation to existing building and connections to
underlying material, roof and base.

This paper aims to demonstrate the attractiveness of a safe renovation strategy based on new
façade additions combining inteGrated Efficient Technologies- (GETs). This solution has been
developed in the frame of “Pro- GET- one” a Horizon 2020 project. The research project ProGET-onE is based on the integration of different technologies to achieve a multi-benefit approach
through the closer integration between energy and non-energy related benefits, promoting a
holistic vision based on the integration of different technologies where numerous requirements
(energy, structural, functional) are managed as a whole. Thus, by implementing a same holistic and
integrated system based on pre-assembled components, the research project aimed to achieve
the highest performances in terms of energy requirements, social and economic sustainability and
safety.

2

GET-system - a multi benefit solution
The GET structure (exoskeleton) will address both energy and space requirements issues. To
this aim, energy simulations performed have demonstrated that enclosing the structure with
solar spaces that can be opened in summer may provide an energy reduction of up to the 75%
in the cold winter season while reducing solar gains and increasing natural ventilation rates,
results to about 35% energy consumption. Furthermore, simulations have been performed for
different climatic zones ranging from northern climates to the Mediterranean area, reaching nZEB
performances with traditional thermal insulation coating combined with controlled mechanical
ventilation (VMC). Many references in the literature have also confirmed this potential energy
reduction (Hilliaho et al. 2015). Fotopoulou et al. (2008) investigated an individual residential unit in
a set of various hypotheses for targeted energy retrofitting interventions with different options both
individually and in combination. The study was executed for three different climatic zones (Athens,
Riga, Bologna) and showed that energy savings were larger during the winter period in southern
climatic conditions while northern countries showed a larger energy saving during summer.
Undoubtedly, in all three different climatic conditions, a zero energy building with the extension on
the façade and with a standard retrofit seems to be an achievable goal.

Fig. 1 Get-system abacus scenarios.

The integration of the system will focus on the interfaces between the different components to
ensure their collective performance according to the project requirements. Standardized interfaces
will also ensure the flexibility of the system, as different components can be interchanged and
adjusted as a function of different climate conditions and urban context, as well as according to the
inhabitants’ choices.
Regarding the investigated building, different architectural solutions have been realized. In each
of these solutions, several additional volumetric units were hypothesized and divided into three
functional types: sunspace, extra-room, and balcony. Figure 2 shows a possible functional and
therefore architectural variation of the same external volumetric addition.

One of the main shortcomings of deep retrofitting towards nearly zero energy is that they generally
rely on separate clusters of technologies that are difficult to integrate. To overcome these barriers
and create a roadmap for cost effective renovation through a well-balanced strategy of mass
customization, the research project has envisaged an integrated modular system, composed of
components manufactured off-site, that can be customized and optimized for different cases in a
user-oriented perspective (by adding balconies, loggias, sunspaces according to the users’ needs
and expectations) (Figure 1).
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of the mechanical cooling equipment, required to meet the hottest summer weather conditions,
likely to be encountered at the site location. These design calculations are traditionally carried out
using periodic steady-state methods such as the admittance and response factor methods provided
by CIBSE and ASHRAE. The simulation calculates half-hourly temperatures and heat flows for
each zone and determines cooling capacities required to maintain any cooling temperature set
points in each zone. The maximum cooling load, calculated in each zone, is multiplied by a safety
factor equal to 1.15. Only the occupied and cooled zones are taken into account in the total cooling
load.
The boundary conditions of heating load calculation are: outdoor dry bulb air temperature 1.8°C
and indoor air temperature 20°C. For the summer period, indoor temperature has been set to 26°C,
instead for outdoor condition the 15th July has been considered as design day (see Figure 3).

Fig. 2 Architectural verification.

3

Current state of the case study and methodology
The investigated building belongs to the National and Kapodistrian University of Athens, in the
University campus of Zografou, a suburb of Athens (Lat. 37.98, Long. 23.73). The building, named
B Building FEPA is a student dormitory hosting 138 single-beds for students. It has 4 floors
(including the ground level) and a basement. The building is located near Taxilou street, Zografou,
with an altitude of 153 m on sea level, in an area of around 4,500 m2. The construction works
started on 1986. It has been in continuous operation since the year of its construction. The net
height of each room is 2.40 m while at basement floor the net height is 2.60 m. The main entrance
is on the North West side. Input data were inserted in our model, designed by energy simulation
software, EnergyPlus v8.4 (U.S. Department of Energy), with the graphical definition of the
geometry, dimensions and positions of the thermal envelope assigned by means of the interface
of Design Builder v4.6 (“DesignBuilder - Simulation Made Easy”). The model was calibrated using
actual data from collected bills from the building under investigation.

Fig.3 External data for summer design day.

The Daylight Factor (DF) is an index carried out for orienting users to select the GET system under
comfort-light point of view. The average daylight factors are generated for each zone, calculated
by using the Radiance ray-tracing simulation engine by means of Design Builder interface. The
calculations allow light to be transmitted through exterior and interior windows and the shading
and reflective effect of local shading devices and component/assembly blocks is included. Window
shading options such as slatted and diffusing blinds are not included in Radiance calculations. The
height of the working plane above floor level for each zone in the daylight simulation is set to 0.7 m.
The sky model selected is an overcast day with luminance at the Zenith equal to 10000 lux (see red
chart in Figure 4).

Thermal, extra space and also lighting performance indexes have been calculated for the whole
building, and thus:

•
•
•
•

Heating index: total heating load (kW);
Cooling index: total cooling load (kW);
Space index: total floor area (m2);
Daylight index: mean daylight factor weighed on the floor surface (%).
Heating and cooling loads represent the energy demand to set comfort operative temperature
during the summer and winter period considering heat losses through building envelope, ventilation
and inner gains. Heating design calculations were carried out in order to determine the size of the
heating equipment required to meet the coldest winter weather conditions likely to be encountered
at the site location. These design calculations are traditionally carried out using steady-state
methods. The simulation calculates heating capacities required to maintain the temperature set
points. In the present analysis the total heat loss, shown for each zone, is multiplied by a safety
factor equal to 1.25. Cooling design calculations are carried out in order to determine the capacity
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Fig.4 Sky luminance profiles for three sky models.
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In this research, four different façade additions combining inteGrated Efficient Technologies- (GETs)
have been considered. These GET configurations include the first scenario combination of an extra
room and a balcony (GET 1), the second scenario consists of the extension of the existing room
with window (GET 2); the third scenario is the sunspace (GET 3), and lastly, the fourth scenario
represents a balcony (GET 4). Figure 5 depicts these shapes, in frontal view, for a single room;
while their geometrical features are reported in Table 1.

Table 2: Limit values of thermal transmittance in Greece-Athens

Table 3: Thermal-physics characteristics of GET external wall, from the inside

For case number 4, the external wall taken into account was the one as the state of fact
incorporating insulation materials of Wall 1 and 2, with a thickness that allow to be within the limit
value.
The glazing used on the GET system was double glass low emissive with argon filled windows.
The frame is made by aluminum and polyurethane foam, with a thickness of 70 mm. Moreover the
choice of shading system type, affects the cooling load, therefore the integrated shading systems
designed was internal blinds with high reflectivity slats.

4

Results
4.1. Results of the current state
The geometrical features of all elements of the building are illustrated in Figure 6. The rendering
pictures of the model for each orientation side are being depicted.

Fig 5. Get-system scenarios.

Table 1: Geometrical features of GET scenarios

In regards to the envelope materials of the GET system, thermal transmittance law limit values, of
different envelope elements, for the country under investigation were used. More specifically for
Greece, the values can be found in Table 2. Table 3 reports the thermo-physical characteristics of
the external wall for GET 1 and 2. This configuration is characterized by total thickness of 0.33 m,
thermal transmittance value of 0.348 W/ m2 K and internal thermal capacity equal to 140.91 kJ /m2
K.
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Fig 6. Rendering of the model: a) North-East side; b) South-West side; c) North West side; d) South-East side
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Fig 7. View of the shading made by surrounding buildings: a) real view b) rendering.

In the building under investigation, three thermal zones have been created, the ones consisting
of the bedrooms of the building, or else the rooms of each student, the common areas and the
basement. In figure 8 the visualization of the different thermal zones modeled for one floor is
depicted.
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In order to take into account shading, surrounding buildings are also designed, and shown in Figure
7.

Fig 9. Daylight distribution contour map of the second floor.

4.2. Results based on different GET facades
Simulations were carried out concerning different façade configurations. The results were displayed
according to four specific indexes, based on energy perspectives and also indoor comfort. The
heating and cooling load, the space and daylight index, all being affected by the new suggested
facades extensions.
The process that was followed involved an independent study for each zone, per floor, according
to the four aforementioned indices. The investigation included the hypothesis that different units
or zones may influence the heating, cooling, daylight and space index of the new GET scenarios.
Nonetheless this was proved not to be the case, since all units/zones performed best at a specific
GET scenario per index. Therefore the different façade expansion influences the thermal, cooling,
daylight and space factors as a whole, and not independently in units. In Table 4, only some typical
results are being presented. These include the 1rst floor based on heating loads index. As it is
observed, for all zones the best scenario for implementation is GET 4, scenario with balcony.

Fig. 8. Thermal zones for a typical floor

The total building area is 3349.27 m2, of which 2584.25 m2 is the net conditioned one. The area
designed as occupied by the persons is equal to the net conditioned one. The total heating load of
the current state of the building is equal to 269.86 kW. The total cooling load, considering all cooled
areas, is equal to 216.59 kW. In Figure 9, the daylight distribution contour map for the Daylight
Factor (DF) on the working plane (0.7m), is reported for the second floor. The area with a DF lower
than 2% is depicted in grey. For the whole building the percentage of area with a DF greater than
2% is equal to 12.7% and the total average DF weighted on the floor area of each zone is equal to
1.83%.
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Table 5: Total Building results

5

Overall, façade expansions can be used to target different aspects for building improvement.
The expansions contribute of course to the overall space gains for the user. Nonetheless, façade
volumetric expansions can also target goals as energy performance of a building, since different
configurations can decrease the heating and the cooling load. Indoor comfort is also a factor that
is being influenced on different façade configurations. Taking into account the daylight index,
different façade increases or decreases the light inside the building, enhancing the quality of life
in the interior and also indirectly affecting the energy demands of the building, with the reduction
of the lighting energy needs. In this research study, the extra room with balcony and extra room
with window, reduced both cooling and heating load to 40% and 41% respectively; while the use
of sunspace increased the daylight factor by 37% indoors. Lastly the use of balcony as a façade
extension leads to space gains of around 21%.

Table 4: Results displaying different GET scenarios for each zone of the 1rst floor

By combining—in one prefabricated solution—energy and structural together with the possibility of
integrating the personalization of different components within the same mass-produced product,
Pro-GET-onE opens a methodological revolution in the retrofitting practice. This highly innovative
and effective technology offers the possibility of re-launching the renovation sector and foster its
application on a broader scale in Europe.

In Table 5, the overall results of the Total Building, per index and per GET scenario under
investigation are being reported. In regards to the cooling load, the building in its current state
has a load of 216.58 kW. According to the simulations, this load was reduced by 14% with the use
of a new façade, with extra room and balcony (GET 1). The extension of the existing room with
window (GET 2) reduced the cooling load by 15%, whereas the use of sunspace (GET 3) increased
it by 35% from the current state. Sunspace is considered to be occupied heated space. Lastly the
balcony scenario reduced the cooling load by 40%.

The studied solutions aim at enabling the conditions to create attractive, self-financing schemes
to support deep renovation actions; in fact, the GET system represents a possible standardized
solution with a highly replicable strategy, especially for the Mediterranean countries of the EU and
all the induced seismic areas of the EU. It is the authors’ considered opinion that this strategy could
more easily convince the users, the urban dwellers, and investors in the energy regeneration and
major architectural revamp of the existing buildings. The research project aims at ensuring the
proper exploitation of a ground-based knowledge to boost the European strategic aim of mobilizing
investment in the energy renovation of the existing building stock.

Similar results are met in the heating load, where GET 4, reduced the initial thermal load of 269.86
kW to 158.73 kW, representing a reduction of 41%. Other GET scenarios contribute also to the
reduction of the heating load, but in a smaller overall percentage. More specifically GET 1 lowered
the thermal load by 31%, GET 2 by 30% and GET 3 scenario by 25%.
According to daylight factors, all GET scenarios decreased the daylight factor inside the building,
except in GET 3, where the sunspace would increase it by 37%. Lastly, as expected, the flour area
increased the most in GET 2 by a percentage of 21% extra space for its initial stage.

Conclusions
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Designing an adaptive shading pavilion for
hot arid climates
Marta D’Alessandro, Ingrid Paoletti
Politecnico di Milano, Architecture, Built Environment and Construction Engineering Department (ABC), Italy martadalessandro87@yahoo.it

This paper illustrates the design generation process of an outdoor shade-providing small pavilion,
which is specifically conceived to host several ancillary functions at exhibition or event spaces and
provide a comfortable outdoor microclimate in hot arid regions. The process delineates an approach to
the project that through the analysis of the climatic, cultural and socio-economic context of a specific
region is able to propose affordable and novel constructive solutions. Adaptability features have been
incorporated in every step of the design process. The analysis of traditional solutions for arid climate
has lent a series of interesting strategies to explore in terms of architectural possibilities. The result
is Dune: a system of small-scale modular umbrellas able to change its functional and performance
features, either through a short and long period of time.

Keywords: design process; outdoor comfort; shading strategies; adaptive system

1

Introduction
The bid processes to host large world-scale events have seen a growing participation of countries
in the tropical and subtropical area. Just think of Expo 2020 Dubai (UAE) or 2022 and 2026 FIFA
World Cup that will take place respectively in Qatar and, probably, in Morocco. The organization of
a world event requires huge investments: millions of people come from all over the world and the
host countries have the opportunity to show their infrastructural progress, primarily through major
urban transformations. One of the major challenges that tropical and subtropical countries will have
to face in order to allow full use of their outdoor event spaces will be the human bodily comfort, in
order to make visitors feel comfortable and improve their event experience. With the aim of limiting
thermal stress, for example, Qatar 2022 will be the first World Cup scheduled for the winter period.
However, despite the fierce heat conditions, literature exposes a strong lack of knowledge related to
thermal comfort in such climates (Djongyang et al. 2010; Kwong Qj et al. 2014), and a generalized
dependence on HVAC systems in indoor environment (JRAIA 2017).
With the aim of contributing to the search for possible solutions that allow a comfortable use of
outdoor spaces in dry climates, this paper shows the design generation process of the shading
pavilion Dune, a system of small-scale modular structures, mainly characterized by an adaptive
roofing component. The name Dune evokes the exceptional changeable nature of sand surface
interacting with environmental conditions. In fact, the system has been designed incorporating
adaptability features in every stage of design, ranging from a functional and performance change to
a physical modification, either through a short and long period of time.
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Context of the Study
2.1. Climatic characterization
UAE, Qatar, Morocco together with neighbouring countries in Western and Southern Asia and
Northern Africa, as well as minor portions of other country territories in Australia, Southern Africa
and America, are part of the hot desert climatic zone identified as BWh, according to the KöppenGeiger’s climate classification system. BWh zones are characterized by arid climate with constantly
high mean temperatures throughout the year. In the particular case of Dubai the average annual
temperature is 26.7 °C. Temperature easily reach maximum average values of 40 °C in the summer
months. BWh zones generally receive a great amount of direct sun exposure, present low relative
humidity values, and very scarce rainfall. Precipitation is often even absent in summer months.
Aiming to cope with such uncomfortable conditions and obtain comfortable outdoor microclimate,
vernacular climate control strategies have emerged over time. Many of these solutions already
involved the use of active and adaptable elements from their origin. Through the passing time, due
to evolving history and customs, these design principles have been refined and improved.
2.2. Traditional strategies for hot arid climate
Traditional solutions for outdoor hot environment are generally based on the generation of buffer
zones, for cooling purpose. Increasing the amount of shaded area is still one of the most effective
strategies to reduce thermal stress in hot climate. Awnings are used, for example, as shading
covering on street walkways to protect pedestrians from the arid hot climate of Andalusian summer
and envelope traditional solutions, like the Arabian mashrabiya, have a series of contemporary
adaptive interpretations that allow changes in the architectural surfaces’ porosity and transparency.
Studying vernacular traditions from a general climatic approach open up a series of interesting
alternatives to explore in terms of architectural possibilities. For hot arid climate, these strategies
can be summarized as follow:

•
•
•
•
3

Shading for sun protection
Buffer zones with operable layers to mitigate thermal stress
Water spring and vegetation for adiabatic cooling
High and ventilated roofing to obtain the stack effect

Design generation process
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2

1a). Alternating full and empty modules always-different spaces can be installed. In this way, the
system can easily be adapted to the existing building layout (figure 1b).

a)
Fig. 1a) Base module and assembled solution, b) system adaptation to existing building layout.

b)

3.2. Acting like a context mediator
Each module of the system consists of a pentagonal self-standing umbrella. Base modules
assembly constitutes a light horizontal canopy. Due to great diversity of individual preferences
and needs in a world-wide event, the system should adapt dynamically to different use and
requirements. In this step, adaptability has the rationale of “context mediator” (Rodríguez &
D’Alessandro 2014), which means that the component should transform in order to facilitate
communication and interaction between the context, the architectural space and the users and
improve their event experience.
Previous exhibition experiences have shown an increasing demand for multipurpose spaces able to
respond to contemporary human changing patterns and technologically influenced lifestyles. Using
both, the canopy and the shaft elements, every module will host a series of functions. The shaft is
configured as an equipped element hosting the function of charging electronic devices, information
point, and water distribution point, among others. On the other hand, the canopy elements provide
the possibilities to achieve different activities, like rest, contemplation, meetings, and small-scale
events. In fact, each canopy element consists of a triangulated surface capable to fold along
hinge elements (figure 2). Folding, the elements re-define space boundaries and alter the level of
intimacy and opening of the space. In addition, due to the reduced scale of each module, that reach
the maximum height of 4.5 metres, moving elements can really engage in communication with the
space occupants.

3.1. Adapting to existing building layout
In the first step, Graham definition of adaptability has been adopted. According to him, the
main objective behind adaptation in architecture is to diminish the likelihood of an architectural
component of becoming obsolete over the longevity of time (Graham 2005). Approaching Graham’s
definition means operate on a medium-long temporal term, providing the system with the capacity
to be adjusted to several conditions and locations.
Thus, each module of the proposed system has a pentagonal plan, with a surface area of 7 m².
This solution provides the possibility to combine modules creating different space configurations.
Assembling the modules along a longitudinal axis, a walkway configuration is obtained. Using
a more compact pattern a resting areas with a covered square configuration is provided (figure
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a)
b)
Fig. 2 Dune module a) plan b) section with a cables and pulleys system.
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A “climate regulator” is a system that adapts itself to control basic physical factors of the climate,
allowing human bodily comfort (ibid. 2014). Climatic strategies have been identified in the early
stage and have constituted the main drivers of the design process. In its essence, the system
constitutes an operable shading structure. The related movement of folding panels progressively
transforms canopy configurations, increasing or decreasing the size of the shady area (figure 3).

Fig. 3 Shaded area in two different configurations.
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3.3. Acting like a climate regulator

Fig. 4 Dune: microclimate control strategies.

Aiming to undertake a human bodily comfort oriented design, the system has been analysed
through the energy simulation program Energy Plus. An assembly of three Dune units has been
modelled.
How it is widely proven, the thermal sensation is the result of multiple environmental factors. In
this stage, the temperature has constitute a priority for the analysis, because in arid hot climates
it achieves peak values, strongly affecting thermal comfort conditions. However, other climatic
factors will have to be successively integrated into the analysis, such as humidity, which can drop
to very low values, especially in the summer months. In fact, some traditional Arabic architectural
solutions generally include water surfaces or fountains to get a cooling down effect of the incoming
air, as ambient air temperature can be reduced by absorbing heat in the evaporation process
through water masses. A research carried out in China in 2011 has demonstrated, by theoretical
and experimental studies, the benefits of the application of spray cooling technology in Shanghai
Expo 2010, highlighting its effectiveness when ambient temperature is above 30 °C and relative
humidity is below 70% (Huang et al. 2011). Because of the climatic characteristics under study and
the human scale of the proposal (cooling effect will be weakened with the increase of distance),
the implementation of the spry cooling technology along each roofing element could represent an
effective strategy with the aim of obtaining a comfortable microclimate.
The environmental simulations have been initially directed at showing potential benefits of different
roof configurations. In fact, unlike a continuous roofing system, the canopy can operate has an
operable surface: each module is able to acquire different configurations, defining changeable
fissures with adjacent modules. During the design generation phase it had been hypothesized that
these fissures would have promoted a stack effect, speeding up the air movement. The simulations
have shown instead that the advantages of a discontinuous roofing system on thermal performance
are paltry (figure 5). This is probably due to the reduced size of the covered area: a different
performance can be expected if a larger surface is covered through Dune units.
Fig. 5 Dune: winter and summer performance of configuration A and B (Zone Air Temperature_hourly)
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In this step different ways to generate, transfer and control movement within adaptive components
have been investigated, in relation to technological system, transformation actuator and material
chances. The design generation process has been inspired by a 3D folding panels system. Due to
the great amount of direct sun exposure in the context of study throughout the year, a photovoltaic
layer combined with rigid panels’ technology could drive the system and provide energy to carry
out the activities of electronic devices charging, digital screen for information, etc. Movement could
be achieved through cables and pulleys or a piston system. In the same way, the users, whom
become more actively engaged in the control process, could directly actuate movement or this can
be integrally scheduled by an automated system.
Nevertheless, the hot arid climatic region shows great disparity in terms of wealth and development.
Thus, the choice of a specific technologies and materials may not be appropriate to the sociocultural conditions where the system could be implemented. In addition, the use of local and more
sustainable technologies should receive increasing attention. Thus, given the essential conditions
of lightness, easy transportability, dismantling and speed installation, the challenge is to explore
potential compromises between available materials and resources, new technologies and traditional
craft.
Figure 6 shows the simulation results obtained using different materials for the canopy elements.
Three possibilities have been analysed: wooden panels with a 13 mm thickness, polyester fabric
(prestressed textile panels) and wooden panel (13 mm) with a reflective membrane on the outside.
The three solution has shown a similar performance during the winter design day. When outdoor
temperatures do not exceed 20°C, the structure mitigates the zone temperature preventing heat
losses. An overheating condition could occur between 12:00 and 17:00 in the design options
involving wooden panels. During the summer period, the use of a fabric material with a certain level
of reflectance seems to have the best performance, keeping the temperature of the pavilion zone
constantly below the outside temperature.

4

Conclusion
The design generation process documented in this paper aims to delineate an approach to the
project that, through the analysis of the climatic, cultural and socio-economic context of a specific
region, is able to propose affordable and novel architectural solutions. The proposed solution
mainly aims at providing adequate outdoor space usability conditions, respecting the principles of
environmental sustainability. Long and medium-term transformability and transportability, short-term
flexibility of use and performance, and implementation of new technologies and local materials are
the attributes that provide the component with adaptation capacity. Thus, through the adaptability
requirements, the proposal seeks to respond to the principles of environmental and economic
sustainability. At the same time, the design aims to respond to a cultural imaginary: large umbrella
structures have been already used for shading outdoor spaces in Arabic countries in successful
projects, as the umbrellas shading the two large courts of the Prophet’s Holy Mosque in Madinah
(1992) by SL-Rasch Gmbh. It is necessary to underline finally that some of the strategies and the
hypothesis adopted in this process need to be tested, and their results quantified in the following
phases of the design process.
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3.4. Adaptable materials

Fig. 6 Material options performance (Zone Air Temperature_hourly)
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Parametric nodes from idea to realization
Alamir Mohsen, Ulrich Knaack
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The radical change in architectural design transcends the individuality of design towards multivarious individuation. The immersion of parametric diagrams in the representation of architectural
objects leads into a process that could be grasped and manipulated with a high degree of efficiency.
Computational advanced design techniques are becoming necessary; therefore new techniques need
to be implemented to work on retooling the traditional ways of manufacturing elements. To formulate
the problem; Architects, façade engineers and manufacturers need a speculated new solutions and be
their liaison for collaboration. Complex designs driven out of parametric potentials are characterized by
the various angles and inclinations that form the mullions/sub-construction, which forms the desirable
design. Accordingly, having a flexible connection that can provide a full range of proper angles, is
requisite. Additive manufacturing also is known as 3D printing, is based on the theory that any object
could be synthesized by breaking it down to multilayers that are needed to be laid at the top of each
other to form the final object. Metal- Based additive manufacturing has significant growth in the last
couple of years, based on the advantages that AM offers, which is producing complex 3D objects
directed from CAD data without the need for that careful and detailed analysis that is needed by the
other manufacturing processes. A unique collaboration between architects, façade engineers and
manufacturers could be achieved by following a whole new aspect, which is how to move from Design
to Production. The merge between design and manufacturing could revolutionize the building process
of complex buildings. Moreover, the elimination of several constraints, which usually show up in the
planning phases. Additively manufactured parts still need some verification to reach the level that the
market and the user can accept and trust.

Keywords: Parametric, Nodes, Free-form, Additive manufacturing, Adaptive solutions

1

Introduction
New parametric design software tools nowadays, provide architects with unlimited possibilities
to explore the unlimited potential of their creative vision. Accordingly, the design and engineering
process of such sophisticated geometries became more complicated. This complexity placed
façade planners and manufacturers in a challenging position as they are subjected to an exhaustive
negotiation process with the architects in the process. The results of these negotiations are
facing either rejection or reverting to individualization. Thus the final results can be costly most of
the time. According to the evolvement of parametric software that the architects benefited from,
façade planners and manufacturers need a similar mechanism that helps them to cope with these
developments.
This paper is dedicated to the exploration of the design and engineering process of single-layered
shells. Concerning economic aspects, single-layered shells consist of straight connecting bars,
planar glass surfaces, and connecting nodes. Based on that description, the primary challenge is
the design and engineering of the connected nodes. The main idea of industrial construction is the
standardization of systems and products arbitrarily. This standardization aims to the increase of
economic efficiency of the produced elements; through the developments of merely assembled
and standard building parts. (Wachsmann 1959, Mengeringhausen 1966)
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Project complexity has no precise definition. Different papers have discussed the definition of
project complexity. It is concluded that project complexity defined by two dimensions, each of which
has two sub-dimensions, Fig.01. (Williams 1999)
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The trend in architectural design and façade technology is the increase in complexity. Baccarini
stated in his review in the International Journal of Project Management “ Construction projects are
invariably complex and since World War II have become progressively more so” (Baccarini 1996).
Complex projects demand special treatment, therefore that traditional project management found
inadequate. Hough claimed, “complex projects demand an exceptional level of management, and
that the application of conventional systems developed for ordinary projects have been found to be
inappropriate for complex projects.”(Morris and Hough 1987)

The idea of a universal node is still not been achieved, but many interested parties are working
on the idea. Geometrical conditions and structure integrity define the design of nodes. Nodes
connections are bolted, welded or specially fabricated. Each building regulation prefers a specific
type of connection. The regularity of the structure determines the geometry of the nodes that
determine the suitable fabrication technique, such as casting, extrusion, folding, special working
and so forth. As well, the digital representation of the nodes in the parametric design phase, is
sufficient for additive manufacturing techniques to manufacture the nodes.
Standardization, as defined in the business dictionary, means “Formulation, publication, and
implementation of guidelines, rules, and specifications for common and repeated use, aimed
at achieving the optimum degree of order or uniformity in a given context, disciplines, or field”
(standardization 2018). Accordingly, designing a unique node connection – either part or process
- that has the capability of being standardized and the flexibility to be applied to many geometries,
will be the objective.

3

Design Development
3.1.

Fig. 1 The dimensions of Project complexity

The complexity of the requested geometry defines the structural uncertainty of the project. The
increase in number and interdependency of the elements –e.g., connecting bars and surfacesbring the planning process towards additional processes that cost time and money. The uncertainty
in goals and methods comes through the post- processing of customized building parts, which
requests additional testing and proofing.
Computational design has evolved immensely over the past few years and has been effectively
used in designing complex geometries. However, constructing these geometries remains a
challenge. Computational design has the potential to generate and optimize parts of complex
geometries unrelated to its level of complexity.
Construction technologies do not develop as quickly or coordinated as Computational design tools.
Accordingly, an adequate solution is needed to fill the gap between construction technologies
and detailed geometric design, and to move forward towards a more homogenous design and
engineering process.

2

Methodology
Free-form envelopes are transformed into free-form structural network. This structural network is
made out of straight bars that have to be connected to one another through structurally designed
and force-fitted connections. These connections are the node points, which form the required
geometry and ease the orientation and the assembly of the connecting bars. The generation of
these components can be parametrically designed using decent software, e.g. Rhinoceros© and
grasshopper. This means that any geometry can be translated into its three main components
– bars, surfaces, and nodes -. Complex geometries characterize by the various angles and
inclinations, which the mullions/sub-construction have; to achieve the desired design. As a result,
having a flexible connection that can provide a full range of proper angles is requested.
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“Form follows function” has been the banner of designers since the Bauhaus (Lesko 2007). Based
on that statement, the central concept is that function lead the form. Accordingly, the form position
is lowered in the hierarchy of product design.
“Restated, it might read ‘Form is the resolution of functions’ where the function has two major
components: (1) performance specification demands, including all user-friendly aspects, and (2)
cost and manufacturability” (Lesko 2007)
The statement “Form is the resolution of functions” gives the form its dynamic and interactive
properties, rather than “Form follows function”, which showed the form as a passive party in the
process. As a result, the designer has to observe manufacturability and its influence.
3.2.

Parametric software programs

Drawings express architectural designs. The drawing medium is the primary constraint for
drawing acts and organizing ideas, spaces, functions, and so forth. CAD software introduces a
new definition for the drawing medium, which is the direct translation of drawings within the digital
realm. Those drawings still just a digital representation (code) of the main ideas. The code creates
geometry as a result, and this is direct Modeling, which presents the additive logic of traditional
drawings.
Parametric as a term is related to various disciplines from mathematics to design. The term means
using parameters to define range. Parametric in design refers to the use of parametric modeling,
where parameters define the geometric rules and result in geometrical form. This form is controlled
through algorithm, which could be changed through the defined parameters.
Algorithmic is a term that defined by the use of procedural techniques to solve design problems.
An algorithm is a set of instructions that lead the design process. Codes instead of sketches and
forms drive the design process here. These allow the usage of the power of computer programming
languages, where the capacity of computers is operated as a search engine to allow difficult tasks
to be performed in a small amount of time. Patrick Schumacher claims “the goal of parametric
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3.3.

Traditional manufacturing processes

The commonly used materials in façade industry are steel, stainless steel, timber, PVC and
aluminum. Each kind of material has its suitable manufacturing and handling techniques.
For example, when metal forming is discussed, casting processes – such as expendable molds,
nonexpendable molds, die casting – are commonly used. Also, there are machining processes such as drill, bore, mill, lathe, broach, and grinding (Lesko 2007).
In the façade industry, the used material defines the needed manufacturing technique and its
process planning. In the case of complex projects, the traditional manufacturing techniques become
inadequate. Accordingly searching for new or innovative solutions are required.
3.4.

Additive manufacturing – 3D printing

Additive manufacturing is a process that is steered by the power of virtual 3D CAD data. This CAD
data is transformed into layers, where the parts are made by adding these layers at the top of each
other to form the final object (Gibson 2010).
The 3d printing process consists of several steps. These steps are as follows, Fig.02:

•
•
•
•
•

Creating a digital model that defines the geometry’s external surface.
Exporting the targeted model in STL (stereolithography) format; this is suitable for nearly all AM
technologies.
Importing the STL file to the 3D printer’s software - if provided- considering that each 3D printer
may have its way to manipulate digital data and generate the appropriate G-code that is needed to
run the 3D printer.
The printing process starts after receiving the data generated by the step before.
Creating the final model, which in some instances will require post-processing to finalize and
prepare for end-use.
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design is to establish a complex spatial order, using scripting to differentiate and correlate all
elements and subsystems of design” (Schumacher 2009).

processes. Each technique has its limitations and capabilities, which should be accurately observed
to accommodate the purpose and the usage of the generated object (Knaack 2016).
Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) are the leading technologies
that handle metals in the additive manufacturing method. Both technologies offer considerable
possibilities to manufacture metal complex parts that can be beneficial for façade industry.

4

Solutions
The research generated Two generations of connecting elements, called N-AM 1st generation and
N-AM 2nd generation. In the first generation, the idea was to define a solution that is represented
as the connecting node with an irregular number of connecting bars. Rhinoceros© and grasshopper
were used to parametrically define the location of the node inside the structure and accordingly
define the exact profiles’ lengths. The node was defined as a free hinge connection until it finds its
perfect place related to the connecting profile and the whole form. The node design was intended to
be traditionally manufactured, which affected the design because of its limitations but for economic
reasons; traditional manufacturing techniques were adequate at that time of the research.
In the second generation, the idea is to define the connection node as a digital volume that is
completely form related, which offers more freedom but as well as increase the range of node forms
and its complexity. The size of the node can be defined based on its structural performance in the
used case. The nodes can be directly manufactured by additive manufacturing machines, which
help to reduce the process planning for the customized nodes.
4.1.

N-AM 1st Generation

The spherical shape is round geometry in the three-dimensional space. Therefore, any object runs
parallel to the surface of a sphere, could have complete freedom in the X, Y and Z planes. Moving
from this point, having a ball connection embedded in a façade node connection, will be sufficient
to provide enough freedom for the nodes’ connecting arms. Based on the shape of the node, the
inclination range could be defined. Several designs had been developed to achieve the maximum
range of inclination that increases the range, where the node could be applied. As well the node
should proof structural stability.
N-AM 01

Fig. 2 3D printing steps

Additive manufacturing contains several techniques, which all used to help the generation of
complex three- dimensional objects. Some of these techniques are extrusion and sintering-based
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Fig. 3 N-AM 01 Model
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N-AM 01 could be used as an attachment to the main structure. A bracket then needs to be used to
accommodate the structure tolerances. It could be fixed as a free point, putting particular attention
on the subjected loads and adopting its size accordingly.
N-AM 04

Products and Materials

N-AM 01, Fig.03, consists of a rectangular plate that is connected to four spherical housings at
each corner. The spherical housing contains a ball connected to insertion profile through metal
stud. The arms of the node have 360° rotation around itself and ± 25° in every other direction.

In N-AM 05, Fig.05, the distance between the center of the balls and the top side of the node, is
decreased to lower the eccentricity. Accordingly, the location of the kern is raised, which gives more
control over the connecting planes.
This modification allowed widening the range of freedom with about 10°.
The functionality had been checked by parametrically positioning the node in a façade element
and observing different scenarios. These scenarios defined the maximum range for the nodes,
Fig. 06-right. The design of the node considered traditional manufacturing techniques limitations.
To study the structural performance of the nodes, a design for façade element was suggested and
analyzed under the common load conditions that affect building envelopes, Fig. 06-left, such as
own weight, wind load and so forth.

Fig. 4 N-AM 04 Model

N-AM 04, Fig,04, consists of a metal plate connected to four balls at each corner. The insertion
profiles have to be integrated with the node that they contain the housing of the balls at the same
time.
N-AM 04 prototype presented 360° rotation along the insertions’ axes and ± 45° in every other
plane. N-AM 05

Fig. 6 Node different positioning scenarios

The structural integrity had been verified by finite element analysis to predict the behavior of the
nodes. Figure 7 and 8 shows the stress analysis of the node that is connected to three bars. The
load case was extracted from the analyzed model.

Fig. 5 N-AM 05 Model
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Fig. 7 Stress analysis – Compression case

arm is subjected to tension forces after the analysis; the areas subjected to less stress were
diminished.

Fig. 9 N-AM 10 Model

The investigation started with analyzing irregular forms and the digital generation of the connecting
nodes. Therefore, Voronoi diagrams were used to divide a free-form surface. Voronoi is called
after the mathematician Georgi Feodosijetwitsch Woronoi. It encodes proximity information to help
find closest objects to certain points rather than others (Okabe 2000). Voronoi based façade was
developed to come up with the lightest structure possible using the Voronoi tessellation rules.

Fig. 8 Stress analysis – Tension case

The rotation caused by the ball connection is locked by screws when the required angles are
achieved.
4.2.

N-AM 2nd Generation
Fig. 10 Voronoi Façade

The 2nd generation idea was released from the traditional manufacturing techniques, and at this
point, additive manufacturing and parametric design were used solely to move the nodes from
design to physical product. The idea of the 2nd generation is to parametrically generate the node
as a volume and use additive manufacturing to manufacture that volume. Additive manufacturing
is considered costly in comparison to traditional manufacturing techniques. As a result, topology
optimization has been investigated as a cost reduction factor.
In the field of topology optimization, there are prominent algorithms, e.g., Solid Isotropic Material
with Penalization (SIMP). Its stress criterion should be as simple as possible, e.g. the stiffness
density relation. The 0-1 formulation is a function called density and associated with the design
domain on each element in the finite element formulation. The density of 0 and 1 is viewed as solid
and void material (Bendsone 2003).

The nodes were generated using Rhinoceros© and optimized using Solidthinking inspire. The
kern of the node had been defined as the design space and made out of steel 355JR. Under the
subjected loads that are extracted from
the structural analysis of the facade, the welded and bolted scenarios had been investigated to
determine the effect of the connection art on the topology optimization process, in a matter of
weight reduction that is resulted from its effect on additive manufacturing costs.

N-AM 10 was the first generated prototype that utilized the aspects mentioned above. The node
printed in Stainless steel GP1 using EOSINT M270 machine. The node consists of 4 arms. Each
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Fig. 11 Bolted node

With the tendency to have more transparent structures and complex geometries, single layered
shells gained more interest. These shells are transformed into straight connecting bars, straight
surfaces, and connecting nodes. There is no universal solution for the connecting nodes so far,
but many architects, façade planners and façade manufacturers are competing to offer different
connecting solutions to the market. 1st generation represented the merge between parametric
design and traditional manufacturing techniques to follow a trusted process planning. The results
offered an adaptive nodal solution, yet it was geometrically limited to uniform façade elements.
2nd generation represents the merge between parametric design and additive manufacturing,
eliminating process planning from the whole process, and widen the geometrical conditions that
could be manufactured. The parametric planning is defined through; geometric design parameters
– such as form, complexity, and variation of connecting angles-, structural design parameters- such
as material properties-, and manufacturing parameters – such as size of the printer and printing
angles limitations-.
The search for a parametric node that can ease the design and engineering process of complex
façade constructions, is feasible. Many factors need to be investigated to complete the concept.
These factors are defined through the whole process of parametric planning and additive
manufacturing. For parametric design concept, integrating different façade functions – such as
drainage channels and fixation method- is important, as well the relationship between topology
optimization, structural analysis, and material properties. This relation introduces material testing
to the additive manufactured parts to get more understanding concerning the material behavior.
Design for manufacture is the factor that will convert the manufacturing limitations as parameters
to improve the digital representation of the nodes. Once these factors are investigated a planning
concept for complex geometries can be formulated and with the further development of additive
manufacturing technology and parametric solutions, the concept can be further developed.

Fig. 12 Welded node

Figure 11 and 12 show a slight change in the generated volume, which provides that connection art
can be a factor that affects production costs of additively manufactured connections.
The 1st generation achieved good results reaching a point that approved that having a parametric
node is conceivable. The challenge occurred, when the basic shape of the façade element does
not form regular geometrical forms. The kernel of the node could not be accommodated because
of the irregularities that showed up inside the façade element. Accordingly, a mind-shifting
strategy represented by the 2nd generation, had to be followed to overcome these limitations.
The strategy is to use additive manufacturing and parametric design solely for the generation
of the nodes. Accordingly, additive manufacturing has to be carefully investigated to define its
controlling parameters, such as material properties and geometrical limitations, and parametric
design has to form the digital generation process that has to be subject to further investigations
and developments, such as covering more extensive range of geometrical conditions, and merging
topology optimization and structural analysis to the digital generation process.

5

Summary
A middle ground between architects, façade planners, and manufacturer; needs to be achieved.
This will keep the compromises to a minimum and will grant a smooth transition from the design
phase to the construction phase. This middle ground is achieved through the integration of different
planning software and different digital manufacturing techniques. The power of parametric design
is increasing, and the gap between design and construction is getting bigger. A new product/system
is needed to fill this gap and create a symbiotic relationship. This product/system has to respect the
increase of complexity and to try to accommodate these challenges.
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Development of an adaptive shading device
based on flexible structural elements and
SMA springs
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This paper presents the initial development of an adaptive shading device whose morphing capabilities
are provided by combining shape memory alloy (SMA) springs with flexible structural components.
With this arrangement, the shading device moves from an initial configuration to a deformed shape
by means of an actuation provided (through heating) by the SMA springs. The ‘cool’ reference shape
of the device is defined by the deformability of the structural components and of the SMA springs.
Once the SMA springs are heated, they shorten and induce elastic deformations in the structural
components. The consequent change in shape is mainly produced by the flexural deformations that
occur along the thin-walled components. The particularity of the proposed system is that, upon cooling
of the SMA springs, the shading device returns to its ‘cool’ configuration by releasing the flexural
elastic strain stored in the deformed conditions. After introducing the basic morphing component, the
proposed shading device is presented followed by its possible applications on a building envelope.

Keywords: Adaptive shading device, thin-walled structural components, SMA springs

1

Introduction
There is an increasing interest in the construction industry at enhancing the performance of
buildings that, in some cases, has the potentials to lead to higher investment returns and
increased productivity of occupants (Fuerst and McAllister 2011; Reichardt et al. 2012). Distinctive
performance attributes of buildings include, among the others, energy conservation, environment,
safety, security, durability, accessibility, cost-benefit, productivity, sustainability, functionality and
operational considerations. Extensive research is underway in different disciplines to enhance
these performance attributes. Most of this effort has been dedicated to minimising energy
consumption, which is particularly important in countries like Australia where modern building
facades are characterised by floor-to-ceiling glazing, leading to onerous energy consumption by
heating, ventilation and air-conditioning (HVAC) systems. Alternative ventilation strategies are
gaining popularity in Australia, including natural ventilation and chilled-water approaches. A specific
area of research, relevant to this paper, focuses on typologies of shading devices that undergo
morphing to influence the daylighting availability of a particular space by engaging their structural
flexibility. With this approach, structural phenomena that are conventionally avoided, such as lateral
and distortional buckling, could be exploited to achieve new elegant and fascinating functional
forms for shading components by developing new technologies that engage and manipulate the
structural stiffness. The potential of this reversed approach has been applied and reported in the
literature, for example in the Flectofin® concept described in (Lienhard et al. 2011). Morphing and
adaptive techniques have been extensively applied to mechanical engineering, with particular
focus on aircraft and space structures, e.g. (Barbarino et al. 2011; Luo and Tong 2013; Golabachi
and Guest 2009; Balkcom et al. 2004; Miura 2009), while only limited work has been carried out
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for building applications, e.g. (Del Grosso and Basso 2010; Khoo et al. 2011). Morphing building
skins have been suggested for modifying the building skin roughness to facilitate natural ventilation,
e.g. (Lignarolo et al. 2011; Teuffel 2011), and reducing the mechanical operations of responsive
architectural skins, e.g. (Kirkegaard et al. 2011; Fiorito et al. 2016). Likewise, a morphing air inlet
device has been developed to control the air flow used for the natural ventilation of a building
(Daynes et al. 2011). Morphing structural systems have also been employed to reduce the weight
and improve the efficiency of structures (Sobek 2006). When dealing with light-weight structures,
tensegrity structures are often preferred due to their natural ability to change shape when stress
conditions vary in the tensile members, e.g. (Buckminster Fuller 1978; Skelton and Aliverira 2009;
d’Estree Sterk 2006).
The overarching objective of this research is to develop and optimize an hingeless lightweight solar
shading component capable of morphing its shape, by adopting, in its simplest implementation, two
stable configurations – linear and curved – as a function of induced temperature change. In this
context we propose to combine the use of shape memory alloy (SMA) springs with the flexibility
of thin-walled components (Ranzi et al. 2018). The actuation of the SMA spring is carried out by
heating the spring through the application of electrical current. In this manner, the proposed solution
undergoes morphing by the actuation (i.e. heating) of SMA springs that, by contracting, induce
flexural deformations in the thin-walled elements. Upon cooling of the SMA springs, the shading
device returns to its original configuration by releasing the flexural elastic strain stored in the
morphed (deformed) condition. This paper presents the initial prototyping that has been carried out
to identify simple and practical detailing related to the fabrication and assembling of the thin-walled
components and how these connect to the SMA springs, and to gain insight into the morphing
process exhibited by the prototypes. Work currently underway is aiming at the optimization of the
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Conference ofseveral
COST Action
TU1403 “Adaptive
facades
network”
shape-morphingFACADE
solar shading
by considering
configurations
of SMA
springs
and flexible
thin-walled metal modules to minimize the ratio between required actuation force and overall
paper
presents while
the initial
prototypingthe
thatstability
has been
out to under
identifyitssimple
and practical
deformation,
guaranteeing
of carried
the shading
own weight.
In thedetailing
first partrelated to
the fabrication and assembling of the thin-walled components and how these connect to the SMA springs, and to
of the
paperinto
keythe
features
of this
solution
are outlined,
together with
initial
tests carried
outisonaiming at the
gain
insight
morphing
process
exhibited
by the prototypes.
Work
currently
underway
laboratory
prototypes.
In
the
second
part
of
the
paper
the
proposed
shading
device
is
presented,
optimization of the shape-morphing solar shading by considering several configurations of SMA springs and flexible
thin-walled
modules
minimize
the ratio
between
required
actuationenvelope.
force and overall deformation, while
followed bymetal
an outline
of to
how
the device
could
be used
on a building
guaranteeing the stability of the shading under its own weight. In the first part of the paper key features of this
solution are outlined, together with initial tests carried out on laboratory prototypes. In the second part of the paper
the
proposed
shading device
presented,
followed by
an outline of how the device could be used on a building
Key
components
of theis basic
morphing
module
envelope.
The proposed shading device has been conceived as a modular system in which components can
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basic morphing
module
beKey
added
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on the
shading requirements. For clarity, the basic module of the
The proposed shading device has been conceived as a modular system in which components can be added and
system is depicted in Figure 1 without the smart memory alloy (SMA) spring and consists of a 1.1
removed depending on the shading requirements. For clarity, the basic module of the system is depicted in Figure 1
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to each
other at to
constant
orto
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varying inclinations between adjacent modules.
between adjacent modules.

The SMA springs consist of NiTi tension springs made from 750 µm diameter wire. The SMA is
activated in the temperature range of 55ºC 85ºC. In its ‘cool’ condition the spring can elongate to
a maximum length of about 140 mm, while when heated it contracts to a length of 29 mm. For the
purpose of this study,
theview
activation of the SMA spring is performed
byangle
generating
heat
by means
a) front
b) view at an
to show side
connection
holes of
an electrical current applied through
spring.
Figure the
1: Example
of the basic morphing module
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diameter in
wire.
The2a.
SMA
The SMA
spring
is inserted
thesprings
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of the
module
as depicted
Figure
Theis activated in the
temperature range of 55ºC-85ºC. In its ‘cool’ condition the spring can elongate to a maximum length of about
‘undeformed’ configuration is defined by the deformability of the structural component and of the
140 mm, while when heated it contracts to a length of 29 mm. For the purpose of this study, the activation of the
spring
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up spring.
and,
SMASMA
spring
is performed
by state.
generating
by meansofofthe
an electrical
electrical current,
current applied
through
consequently, contracts. The consequent change in shape is produced by the flexural deformations
The SMA spring is inserted near the top part of the module as depicted in Figure 2a. The ‘undeformed’ configuration
that occur
along
the thin-walled
component
the resultant
is defined
by the
deformability
of the
structural and
component
and of‘deformed’
the SMAshape
springisinillustrated
its ‘cool’instate. Upon
Figure
2b.
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by the by
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and the resultant ‘deformed’
configuration
releasing
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shape is illustrated in Figure 2b. Upon cooling of the SMA spring, the shading device returns to its initial undeformed
configuration
by releasing the flexural elastic strain stored in the deformed conditions.
For the purpose of this study, it is envisaged that also in a building installation the SMA of the

For the
purposeshading
of this study,
is envisaged
that also
in a building
installation
the SMA
of the proposed
proposed
deviceitwould
be activated
through
the heating
generated
by electrical
current shading
device
would
be
activated
through
the
heating
generated
by
electrical
current
running
through
the
spring.
With
running through the spring. With such a setup, the main advantage of proposed adaptive solution
is such
a setup, the main advantage of proposed adaptive solution is to avoid the use of mechanical components that might
to avoid the use of mechanical components that might lead to high maintenance costs.
lead to high maintenance costs.

a) undeformed configuration
b) deformed configuration
Figure 2: Overview of the morphing of the basic module

Figure 2: Overview of the morphing of the basic module

Different module arrangements were investigated during the prototyping of the device aimed at
identifying available morphing capabilities and at gaining insight into how these were influenced
by the geometry and shapes of the thin-walled module. For example, by maintaining the same
cross-sectional geometry of the metal element, the use of a waved-shape pattern for the bottom
horizontal element (instead of the flat horizontal element shown in Figure 2) increased the flexibility
of the module and increased the curvature achieved by the same SMA spring. Such a module is
illustrated in its deformed state in Figure 3.

Figure 3: Example of using a waved-shape layout for the bottom layer of the thin-walled module

a) front view
b) view at an angle to show side connection holes
Figure 1: Example of the basic morphing module
Figure 1: Example of the basic morphing module
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The SMA springs consist of NiTi tension springs made from 750 µm diameter wire. The SMA is activated in the
temperature range of 55ºC-85ºC. In its ‘cool’ condition the spring can elongate to a maximum length of about
140 mm, while when heated it contracts to a length of 29 mm. For the purpose of this study, the activation of the
SMA spring is performed by generating heat by means of an electrical current applied through the spring.
The SMA spring is inserted near the top part of the module as depicted in Figure 2a. The ‘undeformed’ configuration
is defined by the deformability of the structural component and of the SMA spring in its ‘cool’ state. Upon
application of the electrical current, the SMA heats up and, consequently, contracts. The consequent change in shape
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3

Prototype of the shading device

The proposed shading device has been developed by concatenating basic modules (Figure 2)
3: Example
of using a waved-shape
for the
layer of theitthin-walled
module
as shown inFigure
Figure
4 for a four-module
device.layout
In such
anbottom
arrangement
is possible
to activate
individual or all SMA springs to achieve different morphing and shading effects. Other arrangements
3. Prototype of the shading device
could be possible, for example, by combining different geometries of the modules and by changing
The proposed shading device has been developed by concatenating basic modules (Figure 2) as shown in Figure 4
the inclination of the modules along the length of the component that might lead to tapered profiles.

for a four-module device. In such an arrangement it is possible to activate individual or all SMA springs to achieve
different morphing and shading effects. Other arrangements could be possible, for example, by combining different
When
with different
modules in
cantilever configuration
(e.g.
Figure
the self-weight
geometries
ofdealing
the modules
and by changing
thea inclination
of the modules
along
the 4),
length
of the component that
might lead
to system
tapered plays
profiles.
of the
an important role in the ability of the device to return to its initial ‘undeformed’
configuration. To simplify the loading path and to ensure that the undeformed configuration remains

When dealing
with between
different adjacent
modules in
a cantilever
configuration
(e.g.strip
Figure
theattached
self-weight
of the
unchanged
morphing
cycles,
a thin plastic
has 4),
been
to the
topsystem plays
an important role in the ability of the device to return to its initial ‘undeformed’ configuration. To simplify the
parts of the metal components as shown (with an orange strip) in Figure 4. In this manner, the top
loading path and to ensure that the undeformed configuration remains unchanged between adjacent morphing cycles,
plastic layer acts as a tensile top chord when the device is deployed in the undeformed horizontal
a thin plastic
strip has been attached to the top parts of the metal components as shown (with an orange strip) in
(e.g.manner,
Figure 4a).
Figure layout
4. In this
the top plastic layer acts as a tensile top chord when the device is deployed in the
undeformed horizontal layout (e.g. Figure 4a).
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A possible arrangement for the proposed shading prototype is illustrated in Figure 6 considering three parallel
modular systems covered by a lycra fabric placed around the thin-metal skeleton. Upon activation of the SMA
springs, the structural component is deformed to the morphed configuration shown in Figure 7. Upon cooling down
of the SMA material, the system returns to its undeformed configuration as illustrated in Figure 8.

a) undeformed configuration
b) deformed configuration
Figure 5: Four-module morphing system with a thin strip of shading fabric

The structural skeleton has been then covered with a flexible opaque lycra fabric, whose

a) front view

The structural
skeleton
has been the
thenshading
coveredproperties
with a flexible
whose transparency
transparency
modulates
of theopaque
device.lycra
The fabric,
initial prototyping
has beenmodulates the
shadingbased
properties
the device.
Thewith
initial
has been
based5.
onIna shading
solution
with the
on a of
shading
solution
theprototyping
fabric depicted
in Figure
the deformed
shape,
the fabric
fabric depicted
in Figure 5. In the deformed shape, the fabric is supported by the plastic strips that enable the formation of the waveis supported by the plastic strips that enable the formation of the wave-pattern on the top side of the
pattern on the top side of the device, therefore avoiding the possible wrinkles that could form with the lycra when
folded.device, therefore avoiding the possible wrinkles that could form with the lycra when folded.

b) top view

a) undeformed configuration

c) side view at an angle
Figure 6: Shading prototype in its undeformed configuration

b) deformed configuration over last two modules

Figure 7: Shading prototype in its deformed configuration

c) deformed configuration over last three modules
d) deformed configuration over entire system
Figure 4: Example of a four-module morphing system when modifying the number of modules being deformed

Figure 4: Example of a four-module morphing system when modifying the number of modules being deformed

A possible arrangement for the proposed shading prototype is illustrated in Figure 6 considering
three parallel modular systems covered by a lycra fabric placed around the thin-metal skeleton.
Upon activation of the SMA springs, the structural component is deformed to the morphed
configuration shown in Figure 7. Upon cooling down of the SMA material, the system returns to its
undeformed configuration as illustrated in Figure 8.
Figure 8:
8: Shading
Shading prototype
prototype after
after recovery
recovery of
the initial
undeformed configuration
configuration(i.e.
(i.e.after
afterthe
the morphing
morphingdepicted
depicted in
in Figure
Figure 7)
7)
Figure
of the
initial undeformed
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Shading configurations on a building envelope

This section introduces selected shading configurations to highlight the possible applications of the
proposed shading device on a building envelope. For this purpose, Figures 9-11 show the possible
Development
of an adaptive
deviceonbased
on flexible
structural
SMA springs
Development
of an adaptive
shadingshading
device based
flexible
structural
elementselements
and SMAand
springs
device configurations applied as an external shading of a conventional transparent building skin.
While the shading device of Figures 9 and 10 are installed as single and independent components,
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Conclusions

This paper presented part of the work carried out for the development of a shading device
prototype. The particularity of the adopted solution is to combine the morphing capabilities of SMA
springs to the flexural deformation of thin-walled components. In particular, the principle at the basis
of this solution relies on the use of the SMA spring for the activation of the morphing to achieve a
deformed configuration. Upon cooling of the SMA component, the system returns to its undeformed
state by releasing the elastic deformation energy stored during the morphing process. At the
– Final Conference
of COSTfor
Action
TU1403
“Adaptive facades
network”
moment, thisFACADE
solution2018
is currently
being refined
indoor
applications
and further
work is required
to improve the stability of the system to function in outdoor spaces subjected to environmental
to improve
stability
of theand
system
actions,the
such
as wind
rain.to function in outdoor spaces subjected to environmental actions, such as wind
and rain.
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Possibilities and constraints for the
widespread application of solar cooling
integrated façades
Alejandro Prieto 1, Ulrich Knaack 1, Tillmann Klein 1, Thomas Auer 2
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Technology, Architectural Façades & Products Research Group. The Netherlands, A.I.PrietoHoces@tudelft.nl
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Germany.

Cooling demands in buildings have drastically increased in recent decades and this trend is set to
continue into the near future, due to increasing standards of living and global climate change, among
the most relevant factors. Besides energy consumption, the use of refrigerants in common vapour
compression cooling technologies is a source of concern because of their environmental impact.
Hence, there is a need to decrease cooling demands in buildings while looking for alternative clean
technologies to take over the remaining loads. Solar cooling systems have gained increased attention
in recent years, for their potential to lower indoor temperatures using renewable energy under
environmentally friendly cooling processes. Nonetheless, their potential for building integration has
not been fully explored, with the exception of scattered prototypes and concepts. This paper aims to
address these knowledge gaps by presenting the results of the PhD research project ‘COOLFAÇADE:
Architectural integration of solar technologies in the building envelope’. The research project explored
the possibilities and constraints for architectural integration of solar cooling strategies in façades, in
order to support the design of climate responsive architectural products for office buildings, driven by
renewable energy sources. This paper explores different aspects related to façade integration and
solar cooling technologies, in order to provide a comprehensive understanding of current possibilities
for façade integration, while drafting recommendations based on identified barriers and bottlenecks at
different levels.

Keywords: solar cooling, integrated façades, façade design, renewables, barriers
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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In many cases, artificial lighting and cooling are the two main factors for energy consumption in office
buildings. This is even true for fully glazed buildings where directly transmitted natural light often needs
to be controlled by shading in order to avoid glare problems and an unfavorable distribution of light
within the room. Furthermore, transmitted solar irradiation leads to additional solar gains which in turn
increase the cooling load of buildings. Replacing transparent elements in the facade by translucent
elements where no visual contact with the exterior is needed, will lead to considerable improvements
with respect to better light distribution over the depth of the room and to reduction of glare problems.
However, issues with solar gains remain essentially the same. As visible light makes up only half of the
incident solar irradiation, solar gains associated with incoming daylight could be seriously reduced by
filtering out the invisible irradiation which predominantly is in the so-called near IR (NIR) range of the
electromagnetic spectrum.
In principle, filtering out this part of the solar irradiation spectrum can be achieved by selective
reflection or by selective absorption. Due to the physics of the underlying effects, spectrally selective
reflection of NIR is more challenging than absorption. However, absorption will lead to heating of the
absorber. Especially in translucent elements with good thermal insulation, heating will lead to a lot
of unwanted issues with thermal stresses induced into the absorber material. Like that, reducing the
heat load in the absorber layer is desirable and might even come with the additional benefit of using
the absorber layer as a translucent solar thermal collector. In this contribution, we present the use of
capillary flow glazing as a possible solution to this problem. A bio-inspired engineering approach for a
channel system with optimized hydrodynamics is presented. Furthermore, we will discuss the optimal
position of the capillary layer in static and adaptive translucent glazing elements for different climate
conditions and possible approaches to use the heat collected by the capillary system within a holistic
energy management concept for a building.

Keywords: Adaptive building envelope, solar radiation management, capillary, hydrodynamics, heat
management

1

Introduction
Both living plants and buildings are challenged with management of solar irradiation which on the
one hand is highly beneficial for them in providing energy supply but on the other hand needs to be
managed to cope with its changing intensity and to avoid overheating. Furthermore, energy gained
from solar irradiation needs to be transported into other regions of the structure to make optimal
use of it. Leaf vasculature formations are anabsorption system for solar irradiation which consists
of capillary monolayers that control a chemical energy conversion process, photosynthesis. Leaves
use negative pressure to induce flow that scales linearly in channel networks for fluidic transport. A
major mechanism in avoiding of overheating is evaporation of water which is transported through
a fine network of capillary channels – the xylem - from the roots up to the leaves in a tree for
example. Each leaf in this system is acting as an individual photosystem that is defined by rule
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An individual leaf structural geometry is aligned to the angular distribution of leaf surfaces by solar
orientation for daylight capture. This is characterized by the intimate relationship between capillary
leaf patterns and leaf foliage scale. That are highly regulated with species-specific vascular pattern
formations. In buildings, by contrast, energy storage is often limited to heating and cooling of the
building’s thermal mass and shading is used to reduce unwanted solar energy gains. In contrast
to plants which manage to produce additional energy for growth from the solar irradiation, most
buildings require energy from external sources for artificial heating and cooling.
In contrast to plants with their capillary vascular system, most buildings have some central
infrastructure for water and energy supply and an outer skin without capabilities for active energy
transport. Like that, heat absorbed from solar irradiation leads to rather high local temperatures in
the building envelope that even can result to material failure from stress due to inhomogeneous
thermal expansion. Furthermore, high temperatures on the building envelope will result in higher
unwanted conductive heat flow into the building and thus to even higher cooling loads. Even
higher energy flows into the building arise from solar irradiation transmitted through transparent
elements of the building skin into the building. While solar irradiation in the visible range of the
spectrum (about half of the incoming solar irradiation) is useful for the provision of natural light
into the building, the invisible other half of the incoming solar irradiation (in the near-infrared range
of the spectrum) will only lead to solar heat gains (which might be useful in a cold environment
but are unwanted in hot conditions). Various coatings and pigments are available for glazing in
order to reduce the transmission of solar near infrared irradiation into a building. Most frequently,
selectively reflecting metal and metal-oxide layers are used for this purpose. By reflecting the solar
infrared irradiation, heat gains inside the building are avoided but the incident energy is also lost
when heat gains would be favourable and furthermore, the reflected IR radiation will be absorbed
by other structures around the building and thus might contribute to the formation of urban heat
islands. Using IR absorbing glazing with a vascular heat transport system provides an alternative,
in which the incident solar irradiation can be used to heat up a liquid inside the capillaries and thus
be stored for buffering fluctuations in the available solar energy or for uses that otherwise would
have needed heating of water by use of other energy sources. At the same time, the presence of a
vascular system inside the IR absorbing glazing can be used to reduce the maximal temperatures
inside the IR absorber and thus avoid issues like destructive thermal stresses from overheating. A
similar effect can also be achieved by fully flooding the interpane space with a liquid, however this
comes with a range of technical difficulties such as the need to deal with large hydrostatic pressure
differences inside the interpane space (Chow and Li (2013), Sierra and Hernandez (2017)).
Furthermore, controlling the flow distribution within the interpane space is much more complicated
than within a channel network. On the other hand, the capillary system compromises the optical
appearance of the glazing while a fully liquid-filled interpane space comes with transparency
properties comparable to conventional glazing. Perfect transparency properties are only needed
for those parts of the building envelope that are important for optical contact with the outside
environment. For translucent elements of a building skin and also for glazing in the spandrel or
skylight parts, fully transparent glazing is not needed and capillary glazing provides sufficient optical
quality.
This paper will focus especially on exploring the potential of capillary glazing elements in
translucent wall elements with switchable glazing that have been described (Nestle et. al. 2018).
When such as element with realized with conventional single pane glazing on the outside, a
substantial part of both visible light and NIR radiation will be transmitted into the interior of the
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based geometry, canopy volume and total leaf area density. For transport of stored chemical energy
down to the roots, another capillary system, the phloem is used.

transport system provides an alternative, in which the incident solar irradiation can be used to heat up a liquid inside
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with K denoting a correction factor depending on the ratio of b and h and with a value between 1
with K denoting a correction factor depending on the ratio of b and h and with a value between 1 and 0.42.
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• As the flow path from the inlet and outlet openings to individual capillaries also needs to be taken
into account, the thickness of the capillaries will need to increase with increasing distance from
these openings in order to allow equal pressure loss and thus equal flow rates along all capillaries.
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Rmi denotes the fluidic resistance in the feed extracts channels and R represents the longitudinal
channels as parallel fluidic resistors. Δp denotes the pressure drop over the whole device. In
order to ensure laminar flow, it is important to design feed and extract lines in a way that avoids
turbulence and non-linearities. An optimization method was chosen that follows the principles of
leaf vein hierarchy of non-uniform channel cross-sectional geometry (Hickey 1973) and results in
a channel distribution that comes with minimum energy dissipation, low-pressure drop and uniform
flow velocity (Noblin et al. 2008).
This channel network allows heat transport from the absorber pane with mininal pressure loss.
Linear flow with absence of turbulence is important to easily vary the heat removal by means of
setting the volumetric flow rate through the network. Figure 3 depicts a simple design for a capillary
network that takes into account these considerations. In the next chapter, we will provide some
quantitative considerations for the dimensions of the channels and also simulation results validating
the assumptions.

Fig. 1. A to C: adaptive wall element from Nestle et al. 2018 without vascularized IR absorber; D to F: with vascularized IR
absorber integrated into front pane. While solar gains from NIR and visible light are coupled in the standard element, the
vascularized IR absorber decouples the use of NIR and visible irradiation energy from each other

Fig. 3. Simple capillary network layout for flow-cooling of IR absorbing pane

A further issue are the materials to be used for the IR absorbing layer and the capillary layer.
For the IR absorbing layer which would be located at the outer face of the element, glass is the
most obvious material of choice as it comes with favourable scratch resistance and mechanical
properties and also is non-combustible and thus solves many possible issues with fire resistance.
Furthermore, the relatively high thermal conductivity of about 1 W/Km is favourable for lateral
heat transfer to the capillaries. For the capillary layer, glass may be used as well. However, cutting
capillaries into a PMMA (thermal conductivity 0.19 W/Km) layer is much simpler (and therefore it
was used in the construction of the prototypes studied in chapter 4) and also the lower density of
PMMA can be considered favourable as well. By contrast, the lower thermal conductivity of PMMA
is unfavourable for optimal lateral heat transfer. Last but not least, the large difference in thermal
expansion coefficients between glass (about 5∙10-6 1/K) and PMMA (about 7∙10-5 1/K) may lead
to delamination problems that can be avoided in an all-glass system. To laminate the IR absorbing
glass layer and a capillary layer made of glass, polymer foils similar to those used in laminated
safety glazing can be used. The polymer of choice in this case would not be PVB which comes
with poor moisture stability but rather TPU foils such as they are used in laminated glazing for lowtemperature applications.

Fig. 2. Micro-Fluidic Device as a Resistor Circuit in Determining Pressure Driven Flows

Achieving a unified volumetric flow rates can be simulated by electrical circuit theory (Oh et al.
2010) through flow target resistance analysis by an iterative procedure. By hierarchical resistance
scaling to determine pressure equalization in diminishing flow pressure variation across the
network to gain laminar, smooth flow. Through optimization of active flow networks, defined by
pressure drop as a method of regulating fluidic flow .Each slot channel (wide and depth succession
sequence) is aligned to a specific resistance order in response to pressure loss that linearly
increases with flow rate within longitudinal channels (Murray 1926). This analysis will establish
an optimal network to attain minimum energy (pumping power) output for reduced pressure drop
for unified flows in multi capillary channels. Using precise hydro-dynamic control of a microfluidic
platform is governed by fluidic feed in (manifold) channels that can be simulated as a resistor, figure
2.
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3

Analysis of the element’s potential
The most important consideration for the element is the amount of water needed for cooling and
heat transfer. For this, we need to compute the temperature increase for the water at a given
heating rate from absorbed solar IR as a function of the flow rate in the capillaries. This calculation
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is depicted in figure 4 for heating rates of 100 W/m2 and 200 W/m2 (which seem realistic for half of
the solar irradiation incident on a vertically oriented wall element).

6
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Fig. 4. Temperature gain in K for solar absorption rates of 50 W/m2, 100 W/m2 or 200 W/m2 as a function of water flow rate
(calculation neglecting radiative heat losses)

If a heating of the water by 30 K is intended, a flow rate of a few liters of water per hour and
square meter is needed. Assuming 5 hours of such irradiation onto a facade area of 10 m2, this
would result in about 200 litres of warm water which seems to be an attractive quantity for use in a
residential context.
In Lab tests with a sun simulator and the capillary system shown in figure 3, an almost complete
heat transfer from the capillary glazing into a water reservoir could be demonstrated even with very
rudimentary insulation.

4

Conclusion
Capillary cooled IR-absorbing glazing provides an attractive way to decouple the energetic use
of visible solar irradiation on a translucent wall element from that of NIR irradiation. While visible
radiation is transmitted in a redirected way into the building and thus contributes to reducing the
building’s need for artifical lighting, the NIR part is absorbed and can be locally buffered by storage
units with a capacity in the range of 200 l for use in heating or hot water applications within the
building. At the same time, the capillary flow in the NIR absorbing glazing avoids overheating of
the absorber layer during peak irradiation periods. Pressure losses inside the capillary system can
be minimized by optimization of channel width and depth and the spacing of the channels can be
optimized to achieve uniform and efficient heat extraction. Material optimization to ensure long-term
water-tightness of the capillary system is still under way.
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The adaptive facades offer possibilities to improve the buildings energy performance and their overall
sustainability. As a relatively novel concept, t is essential to strengthen the understanding of their
possibilities, techno-economic aspects and performance capacities in order to stimulate their utilization
in a moderate continental climate such as R. of Macedonia. Therefore in th research an overview is
made regarding their potential for application in order to select most appropriate ones for the given
context. Also, during the early design phase of buildings, one of the most common aspects that is
analyzed by architects is their energy performance. But, in the current architectural design practice the
complexity of the software simulation of the performance of adaptive facades disables their appropriate
utilization during the design process. To overcome these obstacles, in this research several soft ware
models of a case-study of an office building are developed and tested with different types of façades.
Their comparison regarding energy performance provides an insight for most appropriate facades
types in the climatic context. Therefore, this paper contributes to the architectural design process
in means of supporting designers decision-making when choosing the type of façade regarding the
energy performance.

Keywords: Adaptive facades, Sustainability, Energy efficiency, Software simulation, Case-study

1

Introduction
The construction industry is one of the main contributors to the waste creation and emission of
pollutants to the atmosphere. In order to tackle these conditions in the construction, the concept
of sustainability is introduced, which means reducing the advers impact onto the environment
by control of the exploitation of resources, considering the human wellbeing and health, the
economic and the social circumstances as well. Many authors have stressed the benefits of
sustainability in the creation of healthy built environment and the benefits to the mental and physical
health of the habitants, (Evans 2003; Handy et al. 2002 Jackson 2003; Northridge et al. 2003;
Petrovski et al. 2014; Petrovski et al. 2015; Srinivasan et al. 2003; Furundžić et al. 2015). With
the Energy Performance of Buildings Directive (EPBD) 2010/31/EU) it is defined that by the end
of 2020 (2018 for public buildings) all new constructions should be “nearly Zero Energy Buildings”
(n-ZEBs) (Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010
on the energy performance of buildings 2010). For achieving this aim, two strategies are proposed
in general, such as: to reduce the energy demand within the building and to provide the energy
demand by means of on-site renewable energy sources (Sartori et al 2012).
The building’s façade has been a significant research question throughout the entire architectural
history regarding the possibilities of using appropriate external climatic conditions and providing
the comfort in the interior. The advent of the adaptive facades and their technological advancement
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In order to increase the application of adaptive façades in moderate continental climates such as
R. of Macedonia, it is necessary to improve the knowledge of their possibilities and performance
capacities for such a context. This imposes the need to assess their performance potential in order
to select which of them is most appropriate for the given context.
One of the most common aspects that is analyzed by architects at an early design phase
is the energy performance. Considering that the assessment of adaptive facades by software
simulation of all of the facades` aspects is a complex process, it disables the appropriate utilization
of adaptive facades during the design process. Therefore, in this research, a software model
of an office building is developed in order to test different types of conventional facades and an
appropriate type of an adaptive façade and to analyze the models’ energy performance.

2

Overview of adaptive façade types

Performance Assessment

offers means and possibilities to improve buildings performance and to support the drive towards
realization of the EPBD Agenda and achieving the sustainability goals in buildings.

“smart” (e.g. thermochromic, photochromic and PCMs), and there is no need for an intervention
from an external system/user, (Loonen et al. 2013).

3

Model of an office space with conventional and adaptive façade
The case-study of this analysis is an existing office building situated in Skopje, R. of Macedonia,
with skeleton structure with column distance of 8m, office depth of 6 m and office height-to-ceiling
of 3 m. The office modules are arranged around a central foyer. A typical space module of an office
has floor plan dimensions of 6 m by 16 m and 14 workstations are arranged in an open office
plan. The existing building is under the process of renovation and therefore has the potential to
implement adaptive façade and improve the overall building performance. For the purposes of
this research, the company that is using the office spaces has provided the schedules for using
the office spaces, Table 1. The data are inputted into OpenStudio software which is chosen for
conducting the simulation, due to the possibilities for applying materials with extrinsic control types
and simulating certain types of adaptive facades. Also it gives possibilities to simulate movable
shadings.

Various authors have made a classification of adaptive facades. Addington and Schodek (2004),
have categorized several ways for adaptivity of the structure, such as: folding, sliding, expanding,
transforming, while the means to achieve them are listed as: pneumatic, chemical, magnetic,
natural and mechanical, respectively. Ramsey and Fayed (2011), discuss the potential of the
system to act as a kinetic one, its control technique, limit and possibilities for systems configuration.
One of the most common definitions defines them as a climate adaptive building shell that has the
ability to repeatedly and reversibly change some of its functions, features or behavior over time in
response to changing performance requirements and variable boundary conditions and does this
with the aim of improving overall building performance, (Loonen et al. 2013). As complex systems
that have the ability to simultaneously influence multiple physical domains such as: thermal,
luminous, indoor air quality etc., their performance is in direct relation with the surrounding climate
context of the building and with the interaction with users. However, they are not widely used in
practice due to many restrains, such as: economical, technological as well design factors.
Other authors state that: “this new generation of façades (or building envelopes) consists of
multifunctional and highly adaptive systems, where the physical separator, or part of it, between
the interior and exterior environment is able to change its functions, features or behavior over
time in response to transient performance requirements and boundary conditions, with the aim of
improving the overall building performance” (Loonen et al. 2013).
Effective control is one of the key aspects that determine the performance of the adaptive facades.
Two different control types are distinguished in the analysis: extrinsic and intrinsic control, (Loonen
et al. 2013). Extrinsic control means that there is a presence of an external decision making
component that could trigger the adaptive mechanisms according to a programmed set of rules.
This type of control is often called “intelligent” including systems like: electro-chromic glazing,
movable shading devices, kinetic facades, etc., (Loonen et al. 2013). These kind of intelligent
systems require a control management system for them to respond in an adaptive manner.
Therefore they consist of: sensors, processors and actuators. Intrinsic control indicates that the
adaptive mechanism is automatically triggered by a stimulus (surface temperature, solar radiation,
etc.), i.e. this property is chemically embedded in the material and the switching mechanism is
activated by a variation in its internal energy. Due to this characteristic the material are usually titled
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Table 1 Occupancy profiles of the office Office building - occupancy profile

The south facing office space is analyzed as a characteristic one, where the south facing window is
the only external wall and the rest are interior partition walls, because there are offices next to the
reference model as well as above and below the analyzed office module, Fig. 1.
The opaque part of the external wall is consisted of: facade plaster, 20 cm rockwool, lightweight
blocks and internal gypsum board. The heat transmission coefficient is U = 0.220 W/m2K, and is
in compliance with the regulations that prescribe that it must be lower than U =0.3 W/m2K for the
facade wall of a building.

Figure 1 Office space with existing window size
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Table 2 Characteristics of the glazing used in the models

Also, an option of the model with a fixed horizontal shading is developed and analyzed, where the
angle of the louvres are designed according to the geographical position of the building, Fig. 2.
For the 6 models which are developed, a set of three values for the WWR are assigned to each of
them, thus amounting to a total of 18 models which are analyzed, Table 3.

Performance Assessment

The existing glazing type is double glazing and with a window to wall ratio (WWR) of 46% and s
taken as a reference model with which the design solutions are compared. In the analysis WWR
is varied from 46% to 66% and 100% and for each WWR three types of glazing are used such as:
double glazing, double glazing lowE, electrochomic and triple glazing lowE. The characteristics of
the glazing together with the metal frames are shown in Table 2.

Figure 3 Total energy demand

From the results shown in Fig. 4, it is clear that the heating demand is dominant in the office space.
The heating demand is significantly higher in the reference model with double glazing compared to
the other types of glazing.
The energy consumption is analyzed in terms of energy needed per conditioned area, heating
energy, cooling energy and interior lighting energy, Fig. 4. The models with glazing type such
as: double electrochromic, triple glazing lowE, triple glazing lowE with louvers and triple glazing
lowE with exterior screen, in all of their 3 variants such as: 46%, 66% and 100% show similar
performance regarding the heating demand and interior lighting needs. There is a significant
difference regarding the energy needed for cooling which is largest in the models which are not
protected with external shading from direct solar gains. Additionally, the larger cooling needs can be
explained due to the lowE foil which disables dissipation of the internal gains through the glazing,
thus putting a load on the HVAC system for cooling the interior space.

Figure 2 Model with louver shading (horizontal louver layout) Table 3 Characteristics of the models

Figure 4 Results of type of energy consumption
Table 3 Characteristics of the models

4

Analysis of results
The results from the energy simulation are aggregated according to the glazing type, Fig. 3.
The double glazing model shows highest energy consumption when compared with the other
models, for each of the three WWRs respectively. The total energy demand is lowest in models
with 46% WWR, with Triple glazing and louvers or exterior screen, Fig. 2, 3. Slightly larger energy
consumption has the model with double glazing electrochromic glass.
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The monthly heating demand for the six models is shown in Figure 5, from which it could be
noted the significant decrease of energy needed for the models with low conductivity such as the
electrochromic, lowE as well as in the models with an external shading. It is evident that there is a
slight difference between façade types such as: double glazing lowE, electrochromic glazing, triple
glazing lowE, triple glazing lowE with louvres and triple glazing lowE with external shading.
The difference in model 1 with double glazing 46% and with 66% WWR is 23,56%, between 46%
and 100% WWR is 39,82% and between 66% and 100% WWR is 21, 27%. The difference in model
2 with double glazing lowE electrochromic with 46% and with 66% WWR is 23.98%, between 46%
and 100% WWR is 23.33% and between 66% and 100% WWR is 1.52%. The difference in model
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From the comparison it is evident that there is a large difference in heating demand in the models
with double glazing and double glazing electrochromic and different WWR’s. However, there is a
slight difference in heating energy demand with different WWR within the models with triple glazing
or triple glazing combined with louvres, exterior shading and switchable glazing, ranging from
0.8-6.45%. This gives the conclusion that the WWR does not affect in a large portion the heating
demand of the building.

Performance Assessment

3 with triple glazing 46% and with 66% WWR is 1.36%, between 46% and 100% WWR is 6.45%
and between 66% and 100% WWR is 5.16%. The difference in model 4 with triple glazing lowE
and louvers, with 46% and with 66% WWR is 3.40%, between 46% and 100% WWR is 2.52% and
between 66% and 100% WWR is 0.91%. The difference in model 5 with triple glazing lowE and
exterior shading, with 46% and with 66% WWR is 1.62%, between 46% and 100% WWR is 1.08%
and between 66% and 100% WWR is 0.53%. Finally, the difference in model 6 with triple glazing
and switchable glazing of 46% and with 66% WWR is 0.8%, between 46% and 100% WWR is
0.05% and between 66% and 100% WWR is 0.74%.

Figure 6 Monthly cooling energy demand

The difference in model 1 with double glazing 46% and with 66% WWR is 52.45%, between 46%
and 100% WWR is 74.47% and between 66% and 100% WWR is 46.31%. The difference in model
2 with double glazing lowE electrochromic with 46% and with 66% WWR is 40.32%, between 46%
and 100% WWR is 67.26% and between 66% and 100% WWR is 45.13%. The difference in model
3 with triple glazing 46% and 66% WWR is 49.60%, between 46% and 100% WWR is 71.20% and
between 66% and 100% is 42.85%. The difference in model 4 with triple glazing lowE and louvers,
with 46% and with 66% WWR is 19.96%, between 46% and 100% WWR is 79.09% and between
66% and 100% WWR is 73.86%. The difference in model 5 with triple glazing lowE and exterior
shading, with 46% and with 66% WWR is 52.46%, between 46% and 100% WWR is 73.92% and
between 66% and 100% WWR is 45.13%. Finally, the difference in model 6 with triple glazing
and switchable glazing of 46% and with 66% WWR is 52.61%, between 46% and 100% WWR is
74.08% and between 66% and 100% WWR is 45.31%.
From the comparison it is evident that there are large differences in cooling demands in each model
with different WWR, contributing to the overall energy demand in the building more than the heating
demand, since it is an office building in which internal loads are more apparent.

Figure 5 Monthly heating energy demand

The cooling loads for the 18 analyzed models are shown in Figure 6. It could be observed
that within a same model, that is a model with a same glazing type, the increase of the WWR
contributes to a significant increase in cooling needs from 19.96% to 75%.

5

Conclusion
The analysis of the 18 models of an office space with static or adaptive façade and variable glazing
size on the south side wall provides a significant insight onto their energy performance for the given
context. The experimental analysis of adaptive facades shows that they outperform conventional
facades in terms of energy performance. The triple glazing with lowE and louvers had lowest
energy demand compared with the other models, followed by the model with triple glazing lowE
and exterior movable screen. The double glazed electrochromic glazing had slightly more energy
consumption annually. Considering the lower price for the triple glazing altogether with the louvers/
exterior screen it could be noted that they could be more economical design solution in terms of
return of the investment compared with the double glazed electrochromic glass, but further analysis
needs to be made in this regard. The triple glazing system without movable shading has the highest
cooling demand due to the low emission foil that tends to keep the internal generated heat gains
from the lighting, equipment, people as well as solar gains inside the office, not letting the heat
to dissipate to the outside. However the double and triple glazing with lowE foil have significantly
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lower energy demand for heating the space when compared with the baseline model with double
glazing. By analyzing the cooling it could be concluded that in the models with glazing with lowE
foil, by increasing the window-to-wall ratio, the cooling demand exponentially rises. As for the
electricity for interior lighting there is a slight decrease when increasing the WWR ratio.
From the comparison of the different types of facades applied on a model of an office space it could
be noted that passive cooling strategies need to be implemented in order to decrease the cooling
energy demand and thus decrease the overall energy demand. Therefore, further analyses are
needed to examine the potential of passive and active design solutions of the façade that enable its
natural ventilation. Additionally, the adaptive facades need to simultaneously satisfy multiple design
requirements such as: energy performance, daylight performance, glare, natural ventilation, solar
shading, passive solar gains etc. Common software simulation tools do not support simulation of
all of these design aspects at the same time. Therefore, it is necessary to improve and upgrade the
current performance simulation tools in a way that it will enable optimization of design solutions and
help designers in making an informed design decision when choosing the optimal adaptive façade
solution.

Who is Driving an Adaptive Building
Envelope
Robert Buck, Peter Lenk
Arup, London United Kingdom, rob.buck@arup.com, peter.lenk@arup

The external environment changes constantly with the time of day, the climate and the seasons
therefore an adaptive approach to solar shading would seem a logical solution. The façade that
could maximise the daylight into the space when available to do so whilst reducing the heat gain to
acceptable levels would reduce the energy consumption of the building and improve the wellbeing
of the occupants. However, relatively few projects are solved with an adaptive solution resulting in a
passive approach of solar control glazing and limitation of window to wall ratio. The paper, through a
case study, explores the decision process when considering an adaptive approach to solar shading
and highlights the barriers to its implementation on projects in London. This includes the current
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attitude towards daylight, cost and reliability. The paper identifies alternative kinetic systems that
would overcome some of the barriers and suggests an alternative commercial approach to the
implementation of adaptive shading system based on a leasing model.

Keywords: Adaptive, movable, drivers, leasing

1

Introduction
The temperature, sun intensity, daylight and wind speed varies through-out the day and with the
seasons. The ultimate façade would be able to adapt to the external conditions, taking advantage
of the external conditions when it is desirable to do so and protect it when not. Adaptable, movable
systems are not new, and there are a number of different products on the market that control the
amount of sunlight / daylight into the space. Some are standard off the shelf products where as
others are more elaborate and developed for the individual project. This paper explores the views
when considering a movable system.
1.1.

A passive approach

Many architects would consider a passive approach to the façade design, employing window
sizing and position, solar control glass, fixed solar shading or large reveals and orientation as tools
to control the heat gain and maximise daylight. And in many cases, this achieves an acceptable
performance. However, the approach leads to a compromise with either lower light levels in winter
or greater heat gains in summer resulting in larger cooling plant and running cost than would
otherwise be required. Also, the occupants are not able to maximise the benefit from the intrinsic
value that daylighting can bring.
1.2.

An active approach

The building envelope has a very significant and direct impact on occupants beyond energyefficiency. As multisensorial filters, façades have the potential of simultaneously moderating the
energy and mass flow to positively impact occupant comfort, satisfaction and productivity whilst
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The issues associated with the decision making when considering an adaptive façade are many
and some of these issues are illustrated with the following case study in which the façade design
was based on external movable solar shading blinds at concept stage but were eventually removed
at design stage.

2

Architectural design and performance requirements
The case study describes a speculative office building with retail on the ground floor located on
a very busy road in central London. The overall height of the building is approximately 38m and
consists of 10 floors with the first 2 floors set to retail. The building has 5 elevations which twist and
create terraces on the 6th floor.
The environmental drivers were to reduce the energy loads on the building with a target to achieve
outstanding with the BREEAM 2014 [2] and a minimum of excellent for when the building is
deliverer in 2020. The façade is to be designed to meet the current standards and be aware of how
the relevant standards will change in the future with the onset of global warming.
The principle of cooling of the building was based on chilled ceilings to cope with internal gains
and displacement ventilation to cope with solar gains, which required careful control over the gains
produced in the building and entering the building.
Due to the depth of the floor plan it was unlikely that the BREEAM credit for daylighting which
requires for 80% of floor area to have a daylight factor of 2% would be achieved. However,
the architect understood the benefit of daylight and was interested in to achieve acceptable
performance.
2.1.

Performance Assessment

reducing energy consumption. Recent research [1] has been focusing on providing means for
quantify holistic and transient benefits of adaptive facades on human factors.

Figure 1 Typical façade bay with external roller blind

2.2.

Façade engineers initial proposal

At concept stage of the design, the method for controlling the heat gain was with external blinds
in-front of the large format glass. This is a solution which is common in continental Europe but rare
in central London.
The client was concerned with the potential damage to the blinds during windy conditions and the
solution was to include an additional layer of glass to the outside of the blind. Therefore, the façade
behind the blind required the facility to open to provide access and maintenance to the blind and for
cleaning of the glass.

Architect’s initial façade proposal
2.3.

The architect had developed the design of the façade during the concept stage, driven by energy,
aesthetics and achieving planning permission. The typical façade module or bay on the building
consists of large format glazing accounting for 40/45% of the façade area. Below the window is a
spandrel in travertine stone. Adjacent to the large format glazing are opening windows to provide
natural ventilation when the conditions are suitable. A perforated panel was mounted in front of the
window opening, providing shading and the windows open inwards. Opening windows were also
mounted below the large format glazing. These windows were not protected by the external solar
shading blind.

Daylight Performance and Solar Gains

Although daylighting was not a requirement, the benefit of raising the blinds when the solar heat
gains were at acceptable levels was desirable. A study was undertaken to identify how often the
blinds would need to be deployed.
The cooling capacity of the mechanical system recommended by the Mechanical, Electrical
&Plumbing (MEP) Engineer in order to achieve BREEAM credits was limited to 30 W/m² of peak
solar gains on a depth of 4.5m.
An annual simulation was carried out by means of Arup Solar [3], an in-house parametric Radiancebased tool. The software allowed the parametric study of multiple permutations of input parameters
at once and present to the design team and ultimately client in a clear way, outlining benefits and
drawbacks of each investigated scheme.
The weather file used was the Design Summer Year for London (DSY) by CIBSE (Chartered
Institution of Building Services Engineers) [4].
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deployed the g- value reduced to 0.12. The opening windows which were not protected by the blind
had a DGU with a g-value of 0.39.

Figure 2 – Incident solar radiation - SW elevation.

Since the peak solar radiation as presented on figure 2, occurs only for very few periods during
the year, a common method is to consider a percentile value of 97.5 % of the maximum heat gain
as recommended by CIBSE TM 37 – Design for improved solar shading control [5]. The resulting
g-value required to cope with the mechanical system and window to wall ratio around 40/45% were
on the SW elevation around 0.15 as shown in figure 3.

Figure 4 - SW elevation - adaptive shading requirements (Arup Solar)

Figure 5 SW elevation – hours that the blinds would be deployed throughout the year

With a g-value of 0.39 for the DGU, the blind will be deployed for approximately 27% of the sun
hours. During the summer months between May and August the blinds will need to be deployed for
the entire work day. Decreasing the g-value of the glass would reduce the time that the blinds were
deployed and the results were different for each elevation.
The blinds could be deployed less often in the summer months by reducing the g-value of the
glass. The negative result of this is a reduction in the daylight levels into the space when the blinds
were raised.

Figure 3 - g-value required to cope with the design requirements - SW elevation.

An assessment was undertaken to evaluate how often the blinds would be deployed during the
year for the most exposed orientation (SW - Figure 4, 5). The time identified in red represents the
number of hours that the blind is fully deployed compared to the elements in white representing the
time that the blinds are raised.The time represented in blue is the night time. The evaluation was
based on the following glass:
Double skin façade (Clear single glazing + Cavity + DGU with a g-value of 0.39), with the blinds
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3

Cost Evaluation
The cost of the façade was evaluated based on a module of 6m wide by 4m (24m²) of façade and a
blind area of 8.5m² (3.7 x2.3). The price is based on area of façade.
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The maintenance cost to servicing the blinds was also an issue. To maintain the guarantee the
blinds required to be serviced once a year. Although the maintenance was limited and consisted
generally of checking operation, cleaning, lubrication this was not an insignificant cost. As the blinds
were accessible from the inside there was no cost for external access but the maintenance of the
blind would cause disturbance to the occupants requiring the servicing to be conducted out of
working hours with security presence and at additional cost.
Due to the relative short duration that the motors will be in operation with low power motors,
the electrical cost for operating the blinds are insignificant. The control panel will be in constant
operation monitoring the input signals and this would draw similar power to a lap top computer.

4

Decision from the client.

•

•
•

•

5

Alternative approaches not considered.
There are alternative systems that could address some the concerns that that the client raised but
were not fully considered for this project but worthy of consideration for the next project.
5.1.

Kinentic systems

One method of overcoming the concerns associated with electronic and control systems is to
have products that respond automatically to the environment such as temperature and moisture
variation. Kinetic structures that have multiple states of stability are attractive for building facades
because of the lack of framing or folding gear and moving parts that are typically needed. Omnistable systems eliminate the need for multiple moveable parts, which tend to have a detrimental
effect on their appearance, but also on other important aspects such as system maintenance and
durability.
Three innovative reference projects that employ kinetic multi-stable forms are:

The client was not convinced with the use of external motorised blinds and cited the reasons below:

•

The cost to purchase the blinds and to maintain them is not insignificant and the fear of poor
reliability of movable electronic systems is a barrier to increased uptake. The client was provided
with many examples of large buildings where blinds had operated for many years and were in good
working order but this did not fully relieve their concerns.
When the blinds are deployed the view is invariably compromised; and the amount of times that the
blind would need to be in the deployed position during the summer month concerned the client.
External blinds in the centre of London are not common place unlike the cities of continental
Europe, and there was a fear from the client that his building will be referred to as the ‘building with
the blinds’. There is, of cause the Shard, which is similar with blinds mounted behind glass. On
the Shard, the blind head boxes are painted vibrant colours to act as a feature whereas our client
wanted the blinds to disappear.
Consistency of appearance was also important for the client ensuring that all the blinds on the
elevation were deployed at the same time to the same position and were reliable. Countering this
argument is that there are also internal blinds for glare control and these blinds would also be down
for long periods of time in the summer compromising the view out. However, generally the user has
control of the internal blinds and can raise the blind to benefit from the views when desired which
would not be possible with the external shading blinds. Also, the opening windows below were not
protected by the blinds and would provide uninterrupted views out.

•

Alternative blind types were considered to reduce the cost which included micro louvres which are
more resilient than the fabric and thus not requiring the additional layer of protection glass and
zipped fabric systems that can withstand higher wind load. There is also the possibility that the
micro louvres could also be deployed in-front of the opening windows currently below the blind and
thus reducing the solar heat gain into the space further. However, the confidence of the reliability
nor the aesthetic of an external blind was accepted by the client.
The blinds were eventually removed from the glazing during the design stage and replaced with
a high-performance glass which would normally be used in the middle east with a g-value of 0.14
and a light transmission value of 0.32. The main driver for requiring the blinds was the high target
of reducing the heat gain below 25W/m² to allow the displaced ventilation and chilled ceilings
to operate. This glass did not quite achieve the desired performance and the services was later
changed to low energy fancoils.
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The façade is relatively expensive comprising a bespoke unitised curtain walling system with
opening windows, feature channels and travertine stone. The total cost of the façade was estimated
as £1300 per m² with the cost of the external blinds to the façade including the glass to protect the
outside of the blinds contributed to approximately 35% of the façade cost.

•
•

HygroSkin [6] explores a novel mode of climate-responsive architecture where the dimensional
instability of wood in relation to moisture is researched;
Bloom where Sung [7] proposed new uses for bimetals, creating tessellated skins comprising small
geometrically fitted tiles that react to the Sun;
Movable Thin Glass Canopy very first practical applications of thin glass was a deployable canopy
developed by Neugebauer [9];
One Ocean Pavilion [8] was realised as a permanent building, where more than one hundred
individually moveable louvers that are set to respond to changing sunlight conditions.
The potential of kinetic omni-stable glass structures, could be applied in fully glazed double skin
facades. The outer skin of a double skin facade could be formed from the glass sheets that can
deform and thus breathe, releasing heat from the cavity when required. This deformation can be
triggered either by the movement introduced in the supports or spontaneously by lamination of
glass with different absorptivity, or thermal expansion. Another alternative is that glass surface
coating may increase glass temperature locally.
5.2.

Switchable glazing

Switchable glazing appears to be the ideal solution. Maximising daylight levels when able and
shading when required without compromising the architectural aesthetics or the natural ventilation
principles. However, with some systems, the reduction in solar control may not fully achieve the
desired performance or the speed deemed to be too slow or the colour of the glass does not fit with
the aesthetics of the building. Also, with a relatively new technology entering the market there is a
prohibitively high initial cost and concern over the reliability of the system.

6

An alternative purchasing model for the future.
The concerns over reliability and the on-going maintenance cost is one of the main barriers for
the uptake of dynamic façade systems. An alternative approach could be that the products are
not purchased but are leased. The products remain the ownership of the manufacturers. The
manufacturers would be responsible for repairing and maintaining of the system as part of the
leasing agreement.
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7

Conclusion
The façade design of the case study was driven by the building services energy model and the
specification to achieve an energy level meeting BREEAM outstanding. The daylighting and the
quality of the light was not a governing factor which resulted in a high solar control glass replacing
the clearer glass and a dynamic solar control system. To achieve greater uptake of dynamic
systems the benefits of daylight and the productivity and wellbeing of the occupants must be placed
as a higher priority when specifying a new building and studies are required to quantify the benefits
and make them widely distributed. The WELL V2 standard goes somewhere towards this, however
it’s take up in the speculative market is relatively slow.
There is concern, especially with speculative developers, that movable systems are unreliable and
require expensive maintenance and thus make the building less desirable to rent. To overcome
the fears of reliability, more case studies are required although this is difficult to achieve when the
manufacturer is removed from the eventual owner or user of the building. Kinetic systems that
move using the environmental conditions as the energy source is an exciting development but
the fear of the innovative technology and potential reliability will be a barrier to greater adoption.
Leasing the equipment could be one approach that removes these fears, especially for innovative
products where the initial purchasing cost is probative as with the switchable glazing. This approach
also has sustainability benefits allowing the manufacturer to upgrade when necessary and establish
a process for recycling equipment.

8
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The additional benefit to this type of agreement is that it is in the manufacturer’s interest to build
reliable products and minimise the down time for which the client will not be paying. Further, there
is currently a lack of information that is passed to the manufacturers to improve the product design
as generally their products are installed and maintained by others. This would also have benefits
on environmental grounds allowing the manufacture to recycle or reuse the product at the end
of its life and develop a true circular economy. A further option to consider is selling the system
on performance grounds. With better and less expensive sensors, the solar gain into the space
could be monitored and the system performance measured against these values with the leasing
arrangement based on achieving a performance criteria.

Opportunities and Challenges for
Performance Prediction of Dynamic Complex
Fenestration Systems (CFS)
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This article presents an overview of possibilities and points of attention for modelling the performance
of dynamic CFS in building performance simulation software. Following a detailed analysis of the
unique requirements that are associated with modelling of CFS, a comparative study of the capabilities
in different software implementations is presented. In addition, we present on overview of state-ofthe-art approaches to obtain the necessary Bi-directional Scattering Distribution Functions (BSDF),
involving experimental characterisation, databases, and component-level ray-tracing approaches. The
second part of the paper provides a detailed discussion of a case study of a high reflective lamella
system. This case study complements the review with hands-on information from a practical example
and highlights the importance of developing models at the right level of complexity, taking into account
the type of questions that the simulation intends to answer and the required accuracy level to do so.

Keywords: Complex Fenestration Systems (CFS), building performance simulation, bi-directional
scattering distribution functions, reflective lamella, modelling complexity
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Conventional sandwich panels are one of the cheapest and easiest solutions for forming the thermal
building envelope of industrial buildings. They are pre-fabricated façade elements, of which millions
of square metres have been produced and mounted every year. There is great potential to reduce
the consumption of fossil fuels and CO2 emissions through the solar thermal activation of such
a sandwich panel. In the course of the research project ABS-Network SIAT 125, a Solar Thermal
Activated Façade (STAF) panel was designed which is to be optimised both thermally and structurally.
This study shows a first version of a so-called ‘one way coupled’ thermal and structural analysis of a
conventional sandwich panel compared to the STAF panel. For this purpose, the numerical methods
of Computational Fluid Dynamics (CFD) and Finite Element Method (FEM) are used together in one
simulation environment. Furthermore, results from an outdoor test facility are presented where a
first version of a STAF panel is tested under real climate conditions. The CFD model was positively
evaluated by comparing measured and computed temperatures.

Keywords: Solar Thermal Activated Façade (STAF) Panel, Computational Fluid Dynamics (CFD),
Finite Element Method (FEM), outdoor measurements,
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!.
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An innovative adaptive multilayer façade:
evaluation in the test cell LABIMED
Rosa Romano, Paola Gallo, Alessandra Donato
Department of Architecture, University of Florence, Italy, rosa.romano@unifi.it

Sustainable energy efficient building policies have shown a significant growth in recent years, deeply
changing the way to design buildings. Directive 2010/31/EU prescribes more stringent commitments
to increase energy efficiency in the construction sector to achieve EU standards nearly Zero Energy
Building (nZEB). New technologies and design solutions need to be developed to meet highest
performance levels for components and building envelope systems requirements. However, for
advanced hybrid façades there are no established evaluation strategies and characterization methods
to assess their energy performances. Evaluation of dynamic behaviour of adaptive façades using
full-scale outdoor test facilities can significantly help to overcome these issues contributing to their
performance assessment. This paper presents the evaluation of an adaptive multilayer façade by
mean of LABIMED, a PASSLINK outdoor test cell at Florence University able to assess energy
performances of full scale façade systems through a well-controlled realistic room sized environment
equipped with advanced measuring instruments, providing a high quality of output data coming out
from the dynamic monitoring test. Furthermore, a detailed description of the Test Cell LABIMED will
be shown. Finally, the experimental test performed on a multilayer hybrid façade will be described,
discussing the monitoring strategies adopted to evaluate the case study energy behavior.

Keywords: Adaptive envelope, Outdoor Test, Test Cell, Monitoring activities, Energy Performance.

1

Introduction
The building sector has a significant impact on energy saving. European strategies moving towards
nearly Zero Energy Buildings (nZEB), as defined by the Energy Performance of Buildings Directive
(EPBD) 2010/31/EU, also promoting smart technologies integration in buildings and product
innovation in the construction sectore. In this framework, the research in the field of adaptive
building components, advanced materials and nanotechnologies, shows a great potential, and
lately led to significant results, completely changing the way to conceive and to design the building
envelope (Perino 2007; Becker 2014; Aelenei 2014). However, for these advanced façade systems
there are no yet established evaluation strategies and characterization methods to assess their
energy performances. In many case, in fact, results from traditional laboratory tests are very
different from the real operating conditions applied in a full scale building, because they don’t
take into account the effects due to the changing outdoor conditions (AA. VV. 2015). Therefore,
evaluation of dynamic behavior of adaptive façades using full scale outdoor test facilities, can
significantly help to overcome these issues, contributing to their performance assessment (Bloem
2007).
This paper shows ongoing research activities carry on an adaptive multilayer façade system
SELFIE, developed by Abita Interuniversity Research Centre of Florence University, involving
several partners such us research institutes on materials technology and construction industries.
The first aim of the research SELFIE (Smart and Efficient Layers for Innovative Envelope) has been
the improvement of more efficient architectural solutions, developed to be integrated both in new
construction and existing buildings, to achieve high energy efficiency performances and to satisfy
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2

The Test Cell LABIMED
2.1. The project of a test cell for Mediterranean climate
The Test Cell LABIMED was realized in the frame of the research project Abitare Mediterraneo,
funded by the Tuscany Region and developed by the Architecture Department of the Florence
University jointly with 12 Italian companies of building sector in 2010. The main aim of this project
was to create a system in which technological innovation and architectural quality could finding real
application in the construction field, increasing energy saving and promoting a close collaboration
between manufacturing companies, builders and research centres (Gallo 2014).
Test Cell LABIMED can be considered a significant result of this research. It was realized in order
to investigate the overall energetic and thermo-physical performances of opaque and transparent
façade systems, testing full scale products by means of dynamic measurements in real climatic
conditions.
The advantages offered by using test cells, compared to other methods, depend on the possibility
to test full scale envelope systems by means of well-controlled realistic room sized environment
equipped with advanced measuring instrumentations, providing a high quality of output data coming
out from the dynamic monitoring test (Bloem 2007). Moreover, these reliable data sets can be
largely used for data analysis and to validate the most common building energy simulation tools.
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the construction market trend requirements for buildings energy saving and indoor environment
quality (Gallo and Romano 2017).
In detail, the first part of the paper presents the design and technology features of a full scale test
facility for the Mediterranean area: the Test Cell LABIMED, an outdoor laboratory built to study
innovative façade systems under real climatic conditions (Alcamo and Donato 2011; Baker and Van
Dijk 2008). The second part is focused on the experimental activities provided for the outdoor test in
order to analyse at the full scale the energy performances of an adaptive façade system developed
in the frame of SELFIE research.

			a)					b)
Fig. 1. a) The platform frame structure of Test Cell; b) The insulated removable wood façade for placing the test sample.

Furthermore, the LABIMED was equipped only with a heating system and an axial fan, which have
the function to heat the air volume of the Test Room and to ensure the indoor air convection in
order to reduce interior temperature stratifications. During the test, indoor ambient conditions of test
room can be considered homogeneous. The electrical heater warms the air volume inside the test
room and the air temperature sensors measure data to compare air temperature profiles at different
heights. In order to establish an overall energy balance, the heater can be switched on and off from
the data acquisition system and a power transducer measures the power consumption. During
the test, the thermal power generated inside the test room by the heater and the heat flux rate
through the envelope of the test room are instantaneously measured; the heat flow through the test
component may be derived indirectly applying the overall heat balance equation.

The project of Test Cell LABIMED gone arise to the outcomes of the research activities carried
out during PASSYS and PASSLINK projects (Baker and Van Dijk 2008; AA.VV. 2015). They
were focused on development of agreed quality procedures for full scale test and dynamic data
analysis, investigating the energy quality and thermo-physical properties of passive solar building
components as: thermal transmittance, solar factor, and behaviour associated to its thermal inertia.
Threfore, the test Cell LABIMED has been designed likewise the other EU PASSLINK Test cells,
but improvements were achieved to overcome some critical aspects such as: indoor overheating,
thermal bridges effects, problems due to infiltrations and heat conductive parts. For these reasons,
it was built with a wooden structure in platform frame, where it is possible to integrate an insulated
removable wood façade for placing the test sample (Fig.1).
All the envelope components were realized with the same material and had the same thickness
(0.30 cm) and same U-value (0.32 W/m2 K). They were provided of wooden external solar shading
device to avoid overheating which could affect the accuracy of results during the test.
The test cell was positioned on a rotating system to evaluate differences in building component
performances corresponding to different orientations. (Fig.2)

			a)					b)
Fig.2. a) The routable platform to assess dynamic behavior of test sample corresponding to different orientations; b) An external
view of the Test Cell LABIMED

2.2. Monitoring apparatus and Data Acquisition System
PASSYS protocol (Maldonado 1993) established highly standardized set of physical test
parameters and experimental procedures. Therefore, the minimum set of sensors have been

152

153

The south wall test sample requires an additional set of sensors (such as: thermocouples, heat flux
sensors, humidity sensors, air speed sensors, etc.) depending on the test purposes.
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installed inside and outside to the Test Cell in order to monitore and to record all parameters
required by PASSLINK method: each sensor is identified univocally by mean of an alphanumeric
code which refers to PASSLINK specifications about both its location and type of parameter
measured by sensor (Tab.1).

		a)						b)
Fig.4. Pictures of: a) The globe thermometer to measure indoor radiant temperature; b) The PT100 thermoresistance to measure indoor air temperature
Table 1: basic monitoring equipment installed inside the Test Cell

A Data AcQuisition system (DAQ) has been configured using Labview software to acquire data
from more than 80 sensors each minute and to manage all the system. An user interface permits to
observe graphical profiles of all the monitored signals in real time to verify accurate functioning of
all sensors and to identify eventually fails during the test. Moreover, DAQ system allows checking
the switching of the heater inside the Test Room and to apply the heating test sequence including
those defined by the PASSLINK procedures.

The measurement of radiant temperature allows monitoring the comfort indoor, providing some
additional information such as data on radiative heat exchanges that take place through the surface
of the globe and the inner surface of the test room. Furtheremore, during the analysis of the data
set, it is possible to suppose a single value of internal surface temperature obtained from the
average value of all measured values.
A workstation unit is located inside the service room, it allows to manage monitoring equipment
during the test and includes control and measuring devices such as:

•
•

Data Logger which scans and records signals of all internal and external sensors connected. This is
also able to control the switching mode (on and off) of the heating system inside the test room.
Host computer to store all signals into a daily file for the post processing and analysis of data.

Fig.3. Scheme of Pt100 thermoresistances (1ATIn), globe thermometer (1RHI01) and miniaturized transmitter (1RTI01) located
inside the test room
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The Heat Flux Tiles System
Compared to other PASSLINK Test cells, the main improvement of LABIMED concerns the
presence inside the test room of Heat Flux Tile (HFT) sensors (Linden, Dijk, Lock and Graaf 1995)
developed from the Industrial Engineering Department of the University of Florence (DIEF) using
Peltier cell as sensitive element (with a surface of 1600.00 mm and a thickness of 4.00 mm).
In this innovative technological solution the Perltier cell was applied in the centre of HFT into a
filling structure composed of two aluminium layers of 3.00 mm thickness, which have the same
overall thermal conductivity as the Peltier cell (λ=0.8 W/mK). Furthermore, according to PASSLINK
methodology, a layer of polyurethane foam was applied with the purpose to fill any air cavity behind
HFT that would cause errors in the measurement of heat flow. An accommodation to allocate
flat cables and connectors needed to wire the tiles in series and to join groups of signals for the
measurements acquisition was obtained in the cavity. Therefore, the main feature of this type of
sensor was that its sensitive component region and its surrounding area were characterised by the
same thermal resistance. In this configuration, it is reasonable to assume the unidirectional heat
flow and homogeneous surface distribution of heat flow through the tile and the measure can be
considered reliable around the effective surface of the primary sensor up to the edge
The 230 prefabricated HFT sensors covered all the inner surfaces of the test room except the
test wall (Fig. 5). In this way, during a test, the thermal power generated inside the test room
by the heater and the heat flux rate through the envelope of the test room can be measured
instantaneously; the heat flow through the test component may be derived indirectly applying the
heat balance equation. Quality and accuracy of measurements data sets depends directly on the
precision with which heat flow rate is measured through the envelope of the test room (Erkoreka,
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The calibration values of the mentioned HFT sensors were obtained through laboratory tests
(Donato 2016) performed by University of Florence, using a standard calibration device that
consists of a hot plate apparatus with a guard ring. Moreover, the sensitivity of this new heat-flux
sensor was optimised for the use in the test cell leading to an output signals in the range of mVolts,
with high reproducibility of the measurements. (Fig. 6)
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Bloem, Escudero, Martin, Sala 2015). Any rapid changes of heat flux measurements may be
possible thanks to the small thermal inertia of the tiles.

operation strategies; in the executive phase, the façade prototype realized with the three innovative
components has been tested under real outdoor conditions in the test cell LABIMED.
4.2 Experimental set-up and monitoring results
The prototype of the SELFIE façade, has been installed in the Test Cell since December 2017 with
the aim to analyse its thermal performances.
The experimental set-up of the system for winter measurements concluded at the end of March
2018. In these months we analyzed the energy performances of the winter façade configuration,
when the ventilation grid was closed. The objective was to investigate the thermal performance of
the modules in order to store heat into the air cavity keeping the system warm for a longer period of
time and reducing thermal losses from inside to outside.
In detail in this paper, we shown the results of the analysis carried out during a monitoring
campaign started on 24/02/18 and ended on 18/03/2018.

		
a)				
b)
Fig.5. Overview of: a) the Heat Flux Tiles system inside the Test Room; b) Connection in series by means of flat cables and
interface modules to obtaining final signals.

			a)					 b)
Fig.6. a),b)Results of calibration process of UNIFI Tiles in hot plate apparatus with a guard ring and comparison with a commercial tiles.

4

The SELFIE façade test
4.1 Features and operational functions of the façades
The research SELFIE, has been started since April of 2016 with the aim to develop three innovative
envelope components that can be assembled, with different geometric configurations in the SELFIE
façade (280.0 cm x 280.0 cm). The concept of the three SELFIE components (Tab. 2) foresees
several functionalized layers that could be separately assembled depending on the architectural
design of the building where they will be installed. In the integrated solutions, the layers considered
all together and performances tested as a whole. (Romano and Gallo 2018)
In order to analyze their energy performance, SELFIE system prototypes have been designed and
evaluated in the concept phase, by mean of dynamic energy simulation tools considering several
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Table 2: Description and operating mode of SELFIE modules
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•
•
•
•
•
•

4 thermo-resistances PT100 located behind the inner grids and the upper grids to measure the
temperature of the air entering and leaving the gap of SELFIE 1 and SELFIE2;
20 thermo-resistances to measure surface temperatures of each layer constituting the three
SELFIE components;
A Nitrogen Oxides (NOx) sensor behind the inner grid of SELFIE 1 (measurement range 0…4000
ppm, accuracy ±0.1 ppm);
6 hot-wire anemometers to monitor air flows inside the gap in SELFIE 1 and SELFIE 2 at three
different heights (measurement range 0…1.0 m/s, accuracy ±0.02 m/s);
4 heat flux meters to measure the thermal flows through the components in W/m2, in the centre
of each SELFIE module, facing the indoor environment (measurement range -2000…2000 W,
accuracy ±3%);
A pyranometer located on the vertical plane of the test sample to measure the global solar radiation
W/m2.
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Forty-two sensors (Fig. 8) were integrated into the test sample during these three weeks, according
to the pictures shown in the Figure 7 and connected to a Datalogger to measure each 10 minutes
the following parameters:

The analysis on dynamic behavior of the façade prototype refers to the 9th of March 2018 (sunny
conditions) and the 17th of March 2018 (partially covered sky conditions). The heating system
was switched on between 7:00 am and 7:00 pm in weekdays (Temperature set point of 20°C) and
turned off during the weekend. Comparing Indoor Air Temperature and Outdoor Air Temperature
during both the days (Fig. 9), the graphs show that even during nighttime, when the heater is turned
off, the indoor temperature never goes down below 18°C. Consequently, the thermal performance
of the SELFIE prototype can be considered good, with respect to the reduction of thermal losses
in winter, keeping the indoor environment close to comfort conditions (temperature range 18°C-24
°C).

a)				
b)				
c)
Fig.8. a) Picture of The SELFIE prototype in the test cell LABIMED;b) overview of sensors installed on inner surface of SELFIE
façade (b); overview of sensors installed on external surface of SELFIE façade.

The temperature profiles through the cross section of SELFIE 1 and SELFIE 2 modules are shown
in Figure 10 at different hours during two representative days of winter period. As a result of thermal
buffer operative configuration, the air temperature inside the air cavity of SELFIE 1 is between
40°C and 50°C during the day, with a temperature difference (ΔT) of 45°C from 9:00 am to 3:00
pm in sunny day conditions. Under overcast conditions, during the day, the air cavity temperature
changes between 20°C and 25°C with a ΔT of 15°C from 9:00 am to 3:00 pm. The SELFIE 2
module, during sunny day, shows high temperature on the PV module, in particolar in the period
between 12:00 am and 4:00 pm, when the surface temperatures reach values close to the melting
temperature of the PCM. The PCM layer works as thermal storage, decreasing the temperature
inside the buffer zone by 6°C - 7°C without changing its temperature.

			
a)				
b)
Fig.7. Scheme of the sensors integrated in the SELFIE system prototype: a) SELFIE 1; b) SELFIE 2.

The measured values were compared with data sets from another weather station located on the
roof of a nearby university building, 15,00 m height above the ground. The global solar radiation
over the plane of test wall was included in the overall balance of heat exchanges that take place
between outside and inside through the test cell envelope and the test wall. This data is recorded
by means of a pyranometer located on the vertical plane of test sample. The area surrounding the
Test Cell is a green area; however, measurement does not take into account the reflected part of
solar radiation on the façade due to the grass covering the ground.
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7

b)
					
Fig.9. Indoor and Outdoor Air temperature and global solar radiation time profiles during a typical winter period: a) sunny day
conditions and b) partially covered sky conditions.

9th of March 2018 (sunny conditions)

9th of March 2018 (sunny conditions)

17th March 2018 (partially covered sky conditions)

17th March 2018 (partially covered sky conditions)

			a)						b)
Fig.10. Temperature profiles through the cross section of a) SELFIE1 and b) SELFIE 2 compoennts at 9th of March 2018 (sunny conditions) and the 17th March 2018 (partially covered sky conditions)
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Conclusion
The monitoring results during winter season show a good performance of SELFIE system (specially
for SELFIE 2 module integrating PCM) in reducing thermal losses keeping the indoor environment
close to comfort conditions also during the night, when the heating system is turned off. The
experimental set-up of the system for summer measurements will be concluded at the end of
August 2018. Furthermore, we hope to start the overall data comparison in September so to know
exactly the thermoigrometric performances of the SELFIE façade in order to eventually improve its
design concept.
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Research activities previously performed on shorter simulation timeframe had shown that buildingintegrated photovoltaic/thermal double-skin façade (BIPV/T-DSF) could maintain a comfort
temperature within a building, by adopting a fan-assisted ventilated air cavity in summer, and a
non-ventilated air cavity during winter in order to reduce overheating phenomena in the air cavity
and consequently in the building. In this paper, a naturally-ventilated BIPV/T-DSF commercial type of
building was studied using TRNSYS simulation for enhancing the indoor thermal performance. The
TRNSYS building model was calibrated by using in-situ experimental results taken from the existing
published studies. Comprehensive comparisons among the naturally-ventilated BIPV/T-DSF, singleskin BIPV/T façade and non-ventilated BIPV/T-DSF for whole year period were presented thoroughly
in terms of annual energy demand as well as comfort operative temperatures for commercial buildings
in Sydney. Comparative analysis showed that the naturally-ventilated BIPV/T-DSF could significantly
reduce cooling demand throughout the year and maintain a better operative temperature in summer
compared to the single-skin BIPV/T facade, whereas the non-ventilated BIPV/T-DSF could always
reduce heating demand as well as maintain a better operative temperature in the relative cold periods.

Keywords: building-integrated photovoltaic/thermal system, double-skin façade, energy demand,
indoor thermal comfort, TRNSYS simulation

1

Introduction
The operation of residential and commercial buildings in developed countries accounts for 20%
to 40% of energy consumption. This consumption has largely exceeded the one of other sectors
such as industry and transportation (Pérez-Lombard, Ortiz, & Pout, 2008). In Australia, commercial
buildings consume large amount of energy, and it is expected that the share of energy consumed
by tertiary buildings will increase of 24% over the period 2009 to 2020, while the share of energy
consumption of this sector accounts for the 3.5% of the overall yearly energy usage (Council of
Australian Governments, 2012). A high number of commercial buildings are high-rise buildings, and
the majority of Australia’s high-rise commercial buildings are located in the states of New South
Wales, Queensland and Victoria, of which the city of Sydney hosts the highest number of high-rise
buildings in the country (Wikipedia: The Free Encyclopedia, 2018).
Building energy efficiency can be improved by either active or passive strategies. The use of energy
efficient HVAC and lighting systems and building control systems, e.g. occupancy sensors and
CO2 sensors, are categorized as active strategies, whereas the improvement of building envelope
can be classified as a passive strategy. Active strategies are the most commonly adopted ones,
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Building façade is the key component of the building envelope, and it provides thermal and
acoustic comfort for a building (Sadineni et al., 2011). In many façade technologies, double-skin
building façade (DSF) has been recognized as a solution for improving the performance of building
through energy saving by means of the ventilating cavity as well as wind protection in terms of
the additional external skin (Gratia & De Herde, 2007). Many researches had been conducted for
finding the optimal configuration of a DSF, by modifying parameters such as supporting structure,
geometry of the cavity, and functionality of the air inlet/outlet openings in the cavity (Mingotti,
Chenvidyakarn, & Woods, 2011; Saelens & Hens, 2001; Saelens, Roels, & Hens, 2008; Viljoen,
Dubiel, Wilson, & Fontoynont, 1997; Zollner, Winter, & Viskanta, 2002). However, few studies had
been performed focusing on change of materials for the DSF (Chan, Chow, Fong, & Lin, 2009). In
recent years, building-integrated photovoltaic/thermal (BIPV/T) systems have been used to serve
as building envelope materials, which are able to produce electrical power and useful thermal
energy. Additional advantages of this technology can be achieved by integrating itself onto a DSF
so as to provide additional shading, solar heating, and even lighting (Agathokleous & Kalogirou,
2016). Several studies had been reported the performance of the combination of BIPV/T and DSF
in cold climates (Charron & Athienitis, 2006; Ioannidis, Buonomano, Athienitis, & Stathopoulos,
2017). A few studies investigated a range of climatic conditions for the application of the BIPV/TDSF (Gaillard, Giroux-Julien, Ménézo, & Pabiou, 2014; Peng et al., 2016; Saadon, Gaillard,
Giroux-Julien, & Ménézo, 2016), but only a few of them were related to the subtropical climate or
temperate climate in southern hemisphere, such as Sydney. As an example, Fossa, Ménézo, and
Leonardi (2008) reported the results of a research on the thermal behavior of the BIPV/T-DSF
system in Sydney, however performing only an indoor test.
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however in recent years a renewed interest for passive strategies has drawn more attention within
the general framework of environmentally friendly design (Sadineni, Madala, & Boehm, 2011).

The focus of the study presented in this paper is on the comparison of the computational
simulations of three building models in Sydney: (1) Non-ventilated single-skin BIPV/T building
façade model (reference building), (2) Non-ventilated BIPV/T-DSF model and (3) Naturallyventilated BIPV/T-DSF model. To confidently predict a long-term performance of the system,
the TRNSYS model (the integration of TRNFlow model) must be calibrated. The non-ventilated
operation of the computational model in TRNSYS had already been calibrated in previous studies
by using in-situ experimental results taken from the existing published studies (Peng et al., 2016;
Peng, Lu, & Yang, 2013; Peng, Lu, Yang, & Ma, 2015; Yang et al., 2017). In the current paper, the
calibration of the model with naturally-ventilated mode of operation was presented using a similar
approach.
The in-situ experiment of a test bed with a ventilated BIPV/T-DSF under different ventilation modes
was conducted in Hong Kong. The BIPV/T-DSF system used a semi-transparent amorphous silicon
(a-Si) PV module (Peng et al., 2013). The schematic diagram of the BIPV/T-DSF system is shown
in Fig. 1. As can be seen, the entire double-skin facade envelope of the building consisted of two
air cavities which were separated by a vertical insulation; therefore, the two air cavities were used
for the comparative analysis for different operational modes of ventilation without affecting one
another (Peng et al., 2013). The simulation conditions (for the calibration) of the naturally-ventilated
operational mode of the BIPV/T-DSF building, are shown in Table 1.

Table 1: Simulation condition of the naturally-ventilated operation mode of the test bed (Peng et al., 2013).

The proposed research falls within a general framework aimed at analyzing a new façade concept
of BIPV/T-DSF for commercial buildings in Sydney. The previous works focused on two operational
modes of the novel building facade system (BIPV/T-DSF) comprising fan-assisted ventilation mode
in summer and non-ventilation mode in winter respectively for a mock-up building in Sydney (Yang,
Fiorito, Sproul, & Prasad, 2017). It was found that the BIPV/T-DSF system maintained not only
appropriate indoor air temperature, by means of the active mechanical ventilated air cavity that
buffered the building from summer heat gains, but also controlled the overheat issues of building
during winter time in Sydney (Yang et al., 2017). The aim of the present paper is to explore the
performance of the BIPV/T- DSF by comparing its annual energy demand as well as the indoor
thermal comfort with a standard building façade.

2

Methodology
The study was conducted through a computational analysis, which was carried out using TRNSYS
(thermal modelling software) and TRNFlow (airflow simulation software). The test building model
was developed in TRNSYS and was fully described by Yang et al. (2017). In the study described in
this paper, it concentrated on the modelling of different ventilation mechanisms (i.e. non-ventilation,
naturally ventilation) within the air cavity, which was carried out by coupling TRNSYS engine with
TRNFlow. TRNFlow is able to perform airflow calculation in naturally ventilated thermal zones by
accounting for both buoyancy driven and pressure driven air movement, and is fully integrated with
TRNSYS engine, which manages the dynamic thermal model (Weber, Koschenz, Holst, Hiller, &
Welfonder, 2002).
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Fig. 1 Schematic diagram of the BIPV/T-DSF system for the test bed (Peng et al., 2016).

3

Experimental Parameters and Model Calibration
The TRNSYS model for the calibration was established based on the dimensions of the BIPV/TDSF test bed as well as the physical characteristics of the semi-transparent PV panel given in Table
2 and Table 3 respectively.
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Table 2: Dimensions and properties of the BIPV/T-DSF test bed (Peng et al., 2016).

Table 3: Physical characteristics of the semi-transparent a-Si PV panel for the test bed (Peng et al., 2016).

Referring to the previous study (Yang et al., 2017), the TRNSYS simulation (for calibration) adopted
real-time meteorological data (on-site historical weather data for Hong Kong) of the site during the
experiment, which were provided by Peng et al. (2013). The proposed BIPV/T-DSF building model
was developed in the TRNSYS Simulation Studio (the user interface to create the simulation model)
as shown in Fig. 2.
Type 56-TRNFlow (the green “building” icon in Fig. 2) includes the details of the building such
as building geometry, construction and window glazing properties, and the airflow input values in
TRNFlow. Type 567-5 contains the physical characteristics of the semi-transparent PV panel which
is connected to the test bed (Type 56-TRNFlow) in the TRNSYS model. Based on the previous
study, an additional glazing model with the exact identical thermal and optical properties of the
semi-transparent a-Si PV panel was created using Window tool (Lawrence Berkeley National
Laboratory, 2018) and replaced the external window on the DSF as the type of semi-transparent PV
glazing was not available in TRNSYS (Yang et al., 2017). The electricity production as well as the
collected useful thermal energy of the PV will be calculated in the next stages of the research.
As depicted in Fig. 1, the model has been divided into two separate sections. The right-hand
side (cavity 2) was used for the model calibration. According to the previous calibration activities
performed on the non-ventilated operational mode, both PV module (back-surface) temperature
and internal window back surface temperature were selected as control parameters for the
calibration. The two control parameters predicted by the software were then compared to the
results of the experiment conducted by Peng et al. (2013) between 28 January 2013 and 31
January 2013. The major parameters that might affect the accuracy of the simulation results, such
as equipment and occupancy schedule, building envelope properties, internal heat gains and
system operation settings, were modified in the calibration procedures. Comparisons are presented
in Fig. 3 and Fig. 4. As shown in Fig. 3, the simulated PV module temperature and the measured
PV module temperature show good agreement although a certain extent of discrepancy exists. The
hourly Mean Bias Error (MBE) and Cumulative Variation of Root Mean Squared Error (CVRMSE)
(ASHRAE, 2002) are used as the criteria for assessing the acceptability of the agreement between
simulated and measured data. The MBE and CVRMSE are calculated as follows:

Where Mi and Si are measured and simulated data at instance “i” respectively; p is the interval (e.g.
monthly, weekly, daily and hourly); Np is the number of values at interval p (e.g. Nmonth = 12, Nday
= 365, Nhour = 8760) and ¯(M_p ) is the average of the measured data (Raftery, Keane, & Costa,
2011). The both hourly acceptance thresholds of MBE and CVRMSE are within ±10% and ≤30%
respectively based on (ASHRAE, 2002).
Fig. 2 Schematic of the test bed model integrated with the BIPV/T-DSF system in TRNSYS.
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Comparing with the experimental data, the MBE and CVRMSE are respectively 2.76% and 12.67%
for the PV module temperature in cavity 2, so the simulated results of PV module temperature are
acceptable. Similarly, as can be seen in Fig. 4, the hourly values of internal surface temperature
of window 2 (the internal window on inner skin) also show good agreement with the experimental
results and the corresponding hourly MBE and CVRMSE are -3.03% and 5.95% respectively.
Therefore, the TRNSYS model (integrated with TRNFlow) for the naturally-ventilated BIPV/T-DSF
building can be considered as calibrated.

4

Results and Discussion
Based on the calibrated TRNSYS model, the three models shown in Fig. 5 were developed for
investigating the cooling/heating energy demand of the novel BIPV/T-DSF building envelope and its
impact on indoor thermal comfort for commercial buildings in Sydney.

a) Non-ventilated single-skin facade
b) Non-Ventilated BIPV/T-DSF
Fig. 5a), b) and c) Schematic diagrams of the three building models.

c) Naturally-ventilated BIPV/T-DSF

The dimensions and envelope properties of the models are presented in Table 4. The building fabric
and window glazing of the three models, except for the PV glazing on the north-facing wall, were
modified in the generic settings of thermal properties for a better evaluation of the indoor thermal
response by use of the BIPV/T-DSF system which satisfied the requirements of Australian National
Construction Code (Australian Building Codes Board, 2016). All the internal heat gains from people,
equipment as well as artificial lightings were defined by using the representative values of an office
building for typical operation hours from 8am to 6pm. The cellular room model was deemed as a
narrowed simplistic office building, which was used for predicting the performance of the proposed
BIPV/T-DSF system for office type of buildings.
Fig. 3 Comparison between the simulated and measured PV module temperature for naturally-ventilated mode.

Fig. 4 Comparison between the simulated and measured internal surface temperature of window 2 for naturally-ventilated mode.

168

Table 4: Dimension parameters and envelope properties of the three models for simulation.
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Annual Energy Demand Analysis
The cooling and heating setpoint temperatures were set at 26°C and 22°C respectively for the
calculation of energy demand. Both external window and internal window were closed for all the
three models, whereas the louvers were fully opened for the naturally-ventilated BIPV/T-DSF
model. Fig. 6 shows the annual cooling demand of the three building models. Evidently, the cooling
demand of the single-skin BIPV/T façade building was noticeably higher than the one of the other
two buildings in each single month because single-skin façades are more sensitive to the outdoor
environment. Although the cavity formed a thermal buffer zone could store passive solar heat gain
in the non-ventilated BIPV/T-DSF, the shading effect of the PV glazing on the outer skin mitigated
the direct solar radiation into the cavity, also compensating with the cavity’s buffer effect so that the
non-ventilated BIPV/T-DSF had lower cooling demand than that of for single-skin BIPV/T façade
model in hot months. Among the two DSF models, the naturally-ventilated one required the relative
lower cooling demand. Clearly, in naturally-ventilated mode, the airflow in the cavity removed the
heat by means of stack effect through the inlet/outlet louvers. At this point, the naturally-ventilated
mode of the BIPV/T-DSF is the best option for operating in Sydney’s hot periods as well as for the
other subtropical climate areas in Australia.

Experimental Tests
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Also in Fig. 6, the trend of cooling energy demand for single-skin BIPV/T façade model was
nonlinear due to the high sensitive reaction of the single-skin façade to the inverse variation
between the ambient temperature and incident solar radiation on the vertical window during certain
hot months in Sydney, which was also happened to the non-ventilated DSF in November.

Fig. 6 Comparison of monthly cooling demand of the three models in Sydney.

The annual heating demands of the three building models are compared in Fig. 7. It can be seen
that all the three buildings have relatively high heating demand from May to September, but the
non-ventilated BIPV/T-DSF model has the lowest heating demand throughout the year. This
indicates that the non-ventilated BIPV/T-DSF can reduce the heat loss of the space, due to the fully
sealed cavity and the consequent increase of temperature due to the greenhouse effect, hence the
less energy demand is required to heat the space up. Therefore, the BIPV/T-DSF in non-ventilated
mode provides passive heating energy, and this operational mode is recommended during cold
months. The heating demand of the single-skin BIPV/T façade model was mostly higher than the
one in naturally-ventilated BIPV/T-DSF, which was a demonstration that the overshadowing of the
PV glazing combined with non-buffering zone led to the lesser useful solar heat gain of the singleskin façade model in the cold winter months.

Fig. 7 Comparison of monthly heating demand of the three models in Sydney.

6

Indoor Thermal Comfort Analysis
The cooling and heating systems were turned off for investigating the indoor comfort temperatures
passively. Both external window and internal window were closed for all the three models, whereas
the louvers were fully opened for the naturally-ventilated BIPV/T-DSF model. Fig. 8 presents the
monthly discomfort hours for the indoor operative temperature in accordance with the adaptive
comfort standard of ASHRAE 55 (ASHRAE, 2017) for the three building models in Sydney. As can
be observed, most of the discomfort hours are a consequence of too hot conditions throughout
the year for all the three models. In contrast, smaller number of too cold hours were predicted,
and they were concentrated in the cold months from May to September, which is normal for the
subtropical climates. Generally, the both BIPV/T-DSF systems especially the naturally-ventilated
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Fig. 8 Comparison of monthly indoor discomfort hours of the three models in Sydney.

7

Conclusion
This paper presents a comparative study for the single-skin BIPV/T façade, non-ventilated BIPV/TDSF and naturally-ventilated BIPV/T-DSF for commercial buildings in Sydney, Australia. It shows
that the BIPV/T-DSF in non-ventilated mode provides passive heating energy, which can be
effectively used for the building during cold months in Sydney hence reduces the heating demand.
On the other hand, the cooling demand can be considerably reduced using naturally-ventilated
BIPV/T-DSF system as the ventilated cavity is able to lower the internal surface temperature of the
building. The both BIPV/T-DSF systems can control the thermal discomfort hours for the building to
a certain extent, but the mixed use of the two systems is needed for optimizing the indoor comfort
conditions. The PV glazing with low visible transmittance (5.7%) has been used for the model
calibration and preliminary analysis of the BIPV/T-DSF in this paper, further studies will adopt high
visible transmittance PV glazing without affecting the daylighting condition.
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BIPV/T-DSF could always reduce the amount of discomfort hours for too hot conditions, particularly
when compared to the single-skin facade. On the other hand, in a few months concentrated in the
shoulder period, the double-skin systems could lead to a higher number of discomfort hours for
too cold conditions in comparison to a single-skin solution. This is an effect of the lower solar gains
of the double-skin façade (due to the presence of the PV which acts like a shading) which does
not compensate the increased thermal resistance. By comparing the two BIPV/T-DSF modes of
operation, it can be highlighted that the non-ventilated one produces a lower number of discomfort
hours for too cold conditions; consequently the mixed use of the two DSF modes of operation is
needed for optimizing indoor comfort conditions.
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Ageing of adhesive connections for façade
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Building façade is a very specific type of usage for adhesive connections due to the requirements
for durability, strict geometrical imperfections and joining of unconventional materials often used in
the façade design. At the same time, an adhesive joining by semi-flexible and semi-rigid adhesives
is still relatively new bonding method in facade applications in comparison with usage in aerospace
and automotive industry. For that reason, extensive experimental study was performed to assess
residual shear strength of adhesives exposed to three various ageing procedures. Two adhesives with
different mechanical characteristics were chosen to the study – two-part acrylate and silane terminated
polymer (STP). The adhesives were applied in double lap shear connections with aluminium and
galvanised steel substrates; the materials that are very often used both in façade substructure and
cladding. Galvanized steel and blank aluminum substrates were used with a smooth and roughened
surface and a special set of aluminum specimens were prepared with an anodized covering to find out
the effect of roughening and aluminum anodization on adhesion and ageing effect. Specimens were
exposed to immersion in demineralised water (45 °C) for 21 days, 3 weeks in salt-fog and last set of
specimens was exposed to cataplasm test. The paper is focused on the evaluation of the effects of
various accelerated ageing procedures on the residual shear strength and failure modes of adhesive
connections with various substrate materials and surface treatments. It was showed that salt-fog test
had the most harmful effect on STP adhesive joints with galvanized steel substrate (lowering by up to
50%) while aluminium substrate showed almost no reducing of the shear strength. The most critical
ageing method for STP adhesive joints with aluminium substrates was cataplasm test where lowering
of shear strength was measured by 30%. In contrary to STP adhesive, two-part acrylate showed
the best resistance to cataplasm test in case of roughened aluminium joints (max. 10% reduction of
strength) and the worst resistance was proved to salt-fog conditions for almost all substrates (reduction
of strength by 70%) and immersion to warm water which reached reduction by 70% for galvanized
steel and anodized aluminium joints..

Keywords: Accelerated ageing; adhesive connection; double-lap shear

1

Introduction
Contemporary architecture often requires adhesive connections as a bonding method of façade
cladding elements to the supporting substructure, due to their visually smooth surface without
the interruption by bolts. But performance of adhesive joint is highly influenced by surrounding
environment and weathering action has a significant role. Water and humidity could probably be
considered the most critical degrading factors because water is very polar and permeates most
polymers. Higher temperatures accelerate the diffusion process into the adhesive layer, resulting
in increased degradation at a shorter time (Heshmati et al. 2015, Comym 2005). Moisture can
change bulk material properties of the polymer, ductility is increased and the elastic modulus and
strength are reduced due to a decrease in the glass transition temperature and reduction of the
attractive forces between the molecules of the polymer. Swelling and deformation due to the water
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The presented paper provides a summary of extensive experimental analysis of adhesive
connection specimens with aluminum and galvanized steel substrates with various surface
treatments (anodizing of aluminum) and surface conditions (roughening) exposed to three
various ageing procedures. The substrate materials of specimens were chosen with regards to
materials often used for façade supporting structure. There is no guidance or code for testing of
semi-flexible or semi rigid adhesive joints particularly for façade applications. For that reason,
three different laboratory ageing procedures (immersion in warm demineralized water, salt fog
spray and cataplasm test) were performed to assess and compare their effect on structural
adhesive connection. Due to time consuming experimental program, results are published by
parts. Specifically, results for ageing in demineralized water and salt fog spray were described in
more detail in previous publications (Machalická et al. 2018). The main goal of the paper is a brief
overview of all results for all three performed laboratory ageing procedures to provide summary and
comparison.

2

Experimental program
Experimental program contained four batches of specimens – reference set of double lap shear
specimens to evaluate influence of surface material and its roughness on adhesive joint strength.
Three different laboratory aging procedures (= three batches of specimens) were chosen for the
research study, immersion in water (ETAG 002) and salt fog spray (ISO 9142, Procedure E4),
and extended cataplasm test (ISO 9142, Procedure E2) to compare the effects of various ageing
methods on the mechanical properties and failure mode of adhesive joints. Laboratory ageing
was applied on all types of specimens with different substrates and different surface treatment to
evaluate the influence on not only the bulk adhesive in the connection but also the adhesive-metal
interface and the mode of failure.
2.1. Adhesive
Two adhesives were selected to research program. The first one, Silane Terminated Polymer
(Sikaflex® 552) combines the properties of polyurethanes and silicones and provides an elastic,
gap-filling hybrid adhesive with higher strength in comparison with silicones. It cures on exposure
to atmospheric humidity to create an ageing and weather resistant elastomer. Overall geometrical
arrangement of joint is influenced by the curing mechanism and thus maximal thickness of cure is
dependent on curing time, surrounding conditions (temperature and relative humidity).
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content were also observed in flexible polymers, which are more prone to higher permeation of
moisture than rigid adhesives (Petrie 2009). Both of these effects are reversible when the polymer
is dried (Petrie 2009, Calvez et al. 2012). Polymeric adhesives can also chemically change due to
hydrolysis under the long-term action of moisture and higher temperatures. This change causes
a permanent reduction in mechanical properties and a resulting cohesive failure. Moisture has
a serious effect on the interfacial region between the adhesive and the substrate (Calvez et al.
2012, Ashcroft and Comym 2011). Water molecules that permeate the polymer have a tendency
to preferentially migrate to the interface displacing the adhesive at the interface. Therefore, the
adhesive failure is typical after several days in a humid environment. Resistance to moisture can
be improved by reaching better durability of the interface itself (e.g. by coating, using primers
or chemical treatment of the substrate surface to increase adhesion) (Petrie 2009, Davis 2011,
Kwakernaak et al. 2010). Corrosive environments (e.g. in sea coast locations) can be more serious
than the influence of moisture. Corrosion of metal interfaces results in a weak boundary layer
and the adhesive failure mode of the bond. Surface preparation can significantly influence the
resistance of the joint to the salt environment (Petrie 2009).

Second, two-part acrylate adhesive (SikaFast® 5215 NT) is a structural adhesive with a higher
flexibility that cures by chain polymerization when both components are mixed. The acrylate
adhesive is optimally applied in bond line thicknesses from 0.5 to max. 3 mm. An exothermic
reaction during the curing process can affect the polymer properties or the substrate when an
excessive volume of adhesive needs to be cured.
2.2. Substrate material and surface treatment
A substrate material and its preliminary surface treatment have a great influence not only on
adhesion and, thus, the strength of the joint but also on the failure mode, behavior, safety and
ageing resistance of a particular joint. For this reason, two basic substrate materials, which are
often used in the façade industry, aluminum (blank and anodized) and galvanized steel, were
chosen for the study. All contact surfaces of the specimens were cleaned, degreased and activated
by Sika® Cleaner 205 in case of STP adhesive and Sika® ADPrep in case of acrylate adhesive.
Some series of the specimens were also mechanically pretreated with roughening (by Scotch
Brite) to analyze the influence of roughening on the mechanical properties of the joint and its failure
mode.
2.3. Double lap shear test
The specimens were produced as a double lap shear joints, to eliminate cleavage stresses at the
edge of the bond layer caused by the eccentricity in the joint. The adhesive was applied in a two
bonded areas with dimensions 12 x 50 mm, where the overlap length was 12 mm. The bond line
thickness was 0.8 mm for the two-part acrylate (average value for a reference set of specimens)
and 4.99 mm (average value for a reference set of specimens for the STP adhesive).
The specimens were subjected to a displacement controlled test, where shear loading of bonded
area arose from tensile loading of the whole specimen fixed to jaws of the testing machine. The
specimens were loaded at a crosshead speed of 5 mm/min for the Silane Terminated Polymer
(STP) adhesive and 1 mm/min for the two-part acrylate glue, continuously until the total failure of
the joint. The loading rates were chosen to achieve similar strain rates for both adhesives applied in
different thicknesses. Displacement was measured by two linear potentiometric transducers at both
ends of one overlap joint, therefore, four transducers per one specimen were used. The average
value of displacement was calculated for the evaluation of engineering shear strain.
2.4. Laboratory Ageing procedures
During the ETAG002 procedure, one batch of specimens were immersed in demineralized water
at a temperature of water 45 °C for 21 days. After immersion, the specimens were conditioned at
23 °C and 50% relative humidity for 24 ± 4 hours and they were subsequently subjected to shear
loading.
To assess the influence of the salt fog corrosive environment, the second batch of specimens
was exposed to neutral salt spray and elevated temperature and humidity in accordance with ISO
9142, Procedure E4. First, the specimens were exposed to neutral salt spray (NSS) at 35 °C in the
corrosive chamber according to ISO 9227 for 21 days. After the corrosive environment exposure,
the specimens were moved to the climatic chamber with 95% relative humidity and 40 °C for 7
days. The specimens were stored under room conditions (21 °C, 40% relative humidity) for 10 days
before shear tests were performed.
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Last batch of specimens was exposed to extended cataplasm test which contained 7 days of conditioning at 23°C
and 50 % relative humidity, then 7 days immersion in demineralized water of 20 °C and subsequent conditioning
at 23 °C and 50 % rel. humidity for two hours. Subsequently, 1 day in climatic chamber in 80 °C and 2 hours in
3 conditions
Experimental
room
(23 °C / 50 %Results
relative humidity) followed. Then specimens were exposed to 70 °C and 100 %
relative humidity performed as a cataplasm test (ISO 9142, Procedure E2) for 7 days. Cataplasm test was followed
by shock
cooling to -20 °C
(whithin
minutes)
andtests
specimens
in freezing
hours.1 and 2, where
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of3the
shear
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drawn for each of
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3. Experimental Results
Tables 1 and 2 also provide the comparison of the results for all three batches of specimens
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Table 1: Average shear strength values and failure modes for STP adhesive.
Type of specimens

Reference set

(substrate/treatment)

Shear
strength
[MPa]

Roughened aluminum

1.87

C

Smooth aluminum

1.89

Anodized aluminum

1.87

Immersion in water

Failure Shear
mode strength
[MPa]

Salt spray test

Cataplasm test

Failure
mode

Shear
strength
[MPa]

Failure
mode

Shear
strength
[MPa]

Failure
mode

1.25

A-C

1.82

A-C

1.27

A-C

C

1.38

A-C

1.93

A-C

1.35

A-C

C

1.65

C

1.95
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C
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A
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C

1.07

A-C

0.84

A-C

1.16

A-C

Table 1: Average shear strength values and failure modes for STP adhesive.

Experimental Tests

Last batch of specimens was exposed to extended cataplasm test which contained 7 days of
conditioning at 23°C and 50 % relative humidity, then 7 days immersion in demineralized water of
20 °C and subsequent conditioning at 23 °C and 50 % rel. humidity for two hours. Subsequently,
1 day in climatic chamber in 80 °C and 2 hours in room conditions (23 °C / 50 % relative humidity)
followed. Then specimens were exposed to 70 °C and 100 % relative humidity performed as a
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connections for
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cataplasm test (ISO[Ageing
9142,
Procedure
E2)
forapplications]
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humidity and specimens were tested according to paragraph 2.3.

3.1. STP adhesive
All joints of the STP polymer adhesive were affected significantly by immersion in demineralized
water and cataplasm test. The reduction of shear strength by up to 33% was measured for
roughened aluminum and 38% for smooth Zn-electroplated steel specimens by immersion in water
and similarly 32% for roughened aluminum and Zn-electroplated steel by cataplasm test. It can be
noted that the reduction in maximum shear stress and plasticization of adhesive was caused by
the water molecules permeated into the polymer structure. Neutral salt spray test had a significant
negative effect only for Zn-electroplated steel specimens, where reduction of shear strength was
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Table 2: Average shear strength values and failure modes for acrylate adhesive.
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9.3

C

7.44

C

4.84

A-C

8.84
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A-C
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A-C
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6.80
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Anodized aluminum
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C
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A
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A
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Table 2: Average shear strength values and failure modes for acrylate adhesive.

Figure 1. Stress-strain diagram for STP adhesive, where ref is referece set of specimens, etag is ETAG002 ageing, NSS is neutral salt spray
ageing CP is cataplasm test ageing set of specimens, Al signs aluminum and S235 steel substrate material.

Figure 2. Stress-strain diagram for acrylate adhesive, where ref is referece set of specimens, etag is ETAG002 ageing, NSS is neutral salt spray
ageing CP is cataplasm test ageing set of specimens, Al signs aluminum and S235 steel substrate material.

Figure 1. Stress-strain diagram for STP adhesive, where ref is referece set of specimens, etag is ETAG002 ageing, NSS is
neutral salt spray ageing CP is cataplasm test ageing set of specimens, Al signs aluminum and S235 steel substrate material.
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Figure 2. Stress-strain diagram for acrylate adhesive, where ref is referece set of specimens, etag is ETAG002 ageing, NSS is
neutral salt spray ageing CP is cataplasm test ageing set of specimens, Al signs aluminum and S235 steel substrate material.

4. Conclusion
The main objective of this investigation was to evaluate the laboratory aging effect by immersion in warm
demineralized water according to ETAG 002, by the salt spray test (NSS) according to ISO 9142 - Procedure E4,
and by extended cataplasm test according to ISO 9142 - Procedure E2 for structural adhesive joints. The study also
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Conclusion
The main objective of this investigation was to evaluate the laboratory aging effect by immersion in
warm demineralized water according to ETAG 002, by the salt spray test (NSS) according to ISO
9142 - Procedure E4, and by extended cataplasm test according to ISO 9142 - Procedure E2 for
structural adhesive joints. The study also assesses the influence of substrate materials and surface
condition on the mechanical properties of selected adhesives. The following conclusions have been
drawn from the findings of the tests:

•
•
•
•
•
5

for the STP adhesive, the degrading effect of demineralized water immersion or cataplasm test
were more crucial than the salt spray test. On the contrary, for the acrylate adhesive, the effect of
the salt spray test was the most serious for almost all tested substrates;
it was proved that the degrading effect of a particular aging procedure can be more harmful to one
adhesive than the others in dependence on the time of exposure
surface roughening had a positive effect on adhesion, especially for the acrylate adhesive;
joints with aluminum substrates showed better durability than Zn-electroplated steel substrates.
Anodized aluminum showed better adhesion and environmental resistance for connections with the
STP polymer only.
the most critical ageing method cannot be identified easily because it is not same for adhesives of
different chemical base.

Experimental Tests

4
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Ventilated façades are applied in both new and existing buildings. It has been claimed that these
components help to reduce energy use in buildings and improve occupant comfort. However, their
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performance strongly depends on the airflow passing through the cavity. In order to characterise and
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laboratory, as well as under real dynamic weather conditions. Despite the steadily growing research

to model the behaviour of the ventilation and its effectiveness, the components need to be tested in the
in this area, there are few studies with conclusive results about the reliability of existing experimental
procedures for characterisation of airflow in the ventilated cavities. The aim of this paper is to describe
and review recent state of the art experimental assessments for the airflow characterisation in
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ventilated cavities. The paper starts with a short introduction on the potentialities and limitations of
different experimental methodologies, and continues with a detailed classification and description of
the most relevant monitoring techniques for airflow in air cavities of façades that have been developed
in recent years.
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Solar Energy Balanced Façade
Thomas Wüest, Andreas Luible
Lucerne University of Applied Sciences and Arts, Department of Engineering and Architecture, thomas.wueest@hslu.ch

The ongoing project “Solar Energy Balanced Façade” (SEBF) at Lucerne University of Applied
Sciences and Art aims at managing passive solar gains within double-skin facades (DSF). The SEBF
is designed as a non-ventilated unitized element DSF with its performance advantages and the
traditional full-glazing appearance to the outside. The inner appearance is divided into a glazed part
for visual comfort and an opaque parapet for enhanced thermal performance. Simulations show that
the insulated opaque element with thermal storage towards the air cavity improves both, the energy
demand for heating and cooling. During heating season, the thermal storage always collects as much
solar energy as possible. This results in passive gains during hours of sunshine and during the night,
when the captured solar energy is released. This effect reduces heat losses by about 30% compared
to a similar construction without thermal mass. In cooling seasons, an effective shading device
minimizes passive gains and shields the thermal storage. In this case, the thermal mass acts as a
damper for heat flux fluctuations and effectively reduces direct solar gains. The presented simulation
results show significant benefits in energy balance compared to comparable facades with the same
operational schedule. There is potential for further improvements if the standard materials comprising
the assessed configuration are replaced by an optimized composition of thermal storage and insulation
layers.

Keywords: Passive façade, Low-Tec, energy efficiency, adaptive façade, hybrid façade

1

Introduction
The aim of the European Union (EU) Energy Strategy 2020/2050 is a drastic reduction in the
energy demand of buildings. The focus of the European Energy Roadmap 2050 (European
Commission, 2011) is on decarbonization objectives, and it states that the buildings which will be
used in 2050 are being designed and built now. During the past few years a lower energy demand
(−6%) was observed for building services in Switzerland, mainly caused by a reduced heating
load (−9%) but partly offset by ventilation and air-conditioning needs (Swiss Federal Office of
Energy SFOE, 2015). However, the performance of the building envelope cannot be measured in
terms of energy reduction alone. The façade of a building can also impact the health, security and
satisfaction of the occupants. Hence, building envelopes can play a key role in achieving the EU
climate change and energy sustainability targets for 2020 whilst enhancing the wellbeing of building
tenants (COST Action TU 1403, 2014).
Adaptive façades are expected to have the potential to increase the performance of the building
envelope.
Ongoing research in the field is carried out by many different approaches. Based on the fact
that the solar radiation reaching the earth exceeds the energy demands of the planet by several
orders of magnitude, it has been demonstrated that façades allow to utilize this resource, either
passively or actively, with photovoltaic (PV) or thermal collectors (Quesada et al., 2012). Due to
the high transparency of current double gazing units (DGUs’ ) and triple glazed units (TGU’s) a
high daylight level is attained and the heating demand is reduced. However, solar gains do not
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Nevertheless, the modern architecture tends to highly glazed facades. Beside esthetic reasons,
also technical reasons support the application of highly glazed double skin facades. To name a
few, the outer surface is easier to clean and, in the case of non-ventilated DSF’s, the cavity must
not be cleaned. In addition, the external glass protects the shading device from dirt, damage or
environmental restrictions for use. However, the disadvantages are still present and call for further
development of DFS’s.
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only occur in winter, and buildings with highly glazed façades tend to overheat during summertime
(Winther et al., 2010) (Manz & Frank, 2005). Extensive building energy simulations have shown
that the window-to-wall ratio (WWR) is a key parameter for the energy efficiency of the building
envelope (Favoino et al., 2014) (Kim & Todorovic, 2013) (Goia & Cascone, 2014). Besides
seasonal variations in solar energy availability (low in winter, high in summer) and usability (high in
winter, low in summer), daily variations also make it more difficult to achieve beneficial solar gains
without running the risk of overheating the building. The analysis of Schuler (2000) shows that more
attention should be paid to cooling loads rather than to heating energy. Moreover, Struck et al.
(2015) point out that the cooling loads and energy consumption of highly glazed office buildings are
more affected by global warming than that of other building types.

conventional ribbon-windows-and-parapet façade with a closed-cavity element façade, the hybrid
SEBF effectively combines

•
•
•
•

the improved thermal insulation and sun protection of a DSF
the lower maintenance effort of a closed cavity façade (CCF)
the lower WWR of ribbon windows and
the high insulation standard of the parapet.
The functional role of the parapet as part of the SEBF is to reduce the amount of transparent
façade area and to increase the opaque area which acts as a thermal storage. Therefore it is
equipped with interior insulation so that the opaque element is used as thermal mass in the air gap
of the façade. This results in the capability to compensate for daily energy flux variations.
The SEBF is equipped with two shading systems: one to manage solar gains through the
transparent area and another to manage the thermal storages energy level in the opaque area. The
double-skin structure ensures the shading functionality under all conditions. By attenuating heat
flow variations the SEBF supports HVAC systems rather than hindering or restricting their function.
This satisfies the basic requirement of system separation.

The review of existing façade systems and ongoing research show that transparent and opaque
façades are generally considered separately. Few exceptions apart, these are either transparent,
translucent or opaque elements sharing a high degree of complexity. As facades are becoming
smart, adaptive or enhanced with high tech materials, the application of simplified metrics such as
static U- and g-Values can only provide insufficient descriptions of the systems’ performance (Goia
et al., 2017). On the other hand, the potential of low-tec facades, such as Trombe wall systems, is
not fully exploited (Hu et al., 2017).
This is why a new hybrid transparent–opaque solar façade system, is proposed: the solar-energy
balanced façade (SEBF) system. Based on a DSF, the SEBF features an integrated parapet that
reduces the effective inner WWR. This parapet is composed of a thermal storage mass with internal
insulation. Thus, the SEBF stores thermal energy in the façade to improve the building’s energy
balance. The solar gain management is daily and seasonally adaptive to achieve an improved
energy balance for all seasons. The combination of active controls, passive strategies and high
performance materials allows this innovative façade system to efficiently profit from solar energy.
Common building performance simulation (BPS) tools are not supposed to develop unique façade
systems and do not support detailed transient models. For the investigation and assessment of
the SEBF’s performance, a simulation environment, which can deal with highly detailed physical
systems, is needed. The object-orientated and equation-based Modelica modelling language is
therefore chosen, as it offers the flexibility and power to analyze problem that are beyond the
capabilities of traditional BPS (Wetter, 2009).
This paper presents the results of a simulation-based feasibility study on this novel façade system
and compares it to other, more common, façade systems with the same solar gain management.

2

Design and operation of the Solar Energy Balanced Façade
The primary objective of the solar energy balanced façade is to reduce heating and cooling
demands and to enhance the wellbeing of building occupants. Passive use and active control of
solar gains shall be achieved by a combination of existing façade and technologies. It is essential
not to create a pick and mix system, but rather employ a work-together approach. Coupling a
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I			
II		
III			
IV
Figure 1 – Solar Energy Balanced Façade with it four main operating states (left to right); I) maximum solar gain, II) glare protection and maximum solar thermal gains, III) maximum sun protection, IV) daylight use and storage protection

The SEBF, as it is illustrated in Fig. 1, has two fundamental seasonal operating modes: summer,
to avoid solar gains, and winter, where the maximum of solar gains is achieved. The orchestrated
control of the two separate shading devices covering the facades opaque and transparent area
allows four main operating states. In summer mode, the main objective is to block solar irradiance
and to allow night-cooling. This is realized by closing both shades during daytime (Fig 1, Mode III)
and opening them at nighttime (Mode I) to enlarge heat losses. Due to the thermal inertia of the
storage mass, the overheating tendency is decreased even if solar irradiation hits the surface. In
winter mode, as much solar energy as possible should be gathered. Daylight use is maximized
and the thermal storage is heated up by solar irradiation (Fig. 1, Mode I or II). A high absorptive
surface finish of the parapet increases the use of the available solar energy. At nighttime, the closed
shadings reduce thermal losses and therefore effectively reduce overall energy losses from the
façade (Fig. 1, Mode III).
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3

Method of the simulation-based performance assessment
3.1. Simulation Enviroment
The choice of modeling approach and algorithms has a strong impact on design decisions based
on the analysis of building energy simulations. Traditional BPS software offers big libraries of
standard elements with varying degrees of transparency. The implementation and development of
the proposed façade systems and its control mechanisms required an alternative approach offering
more flexibility. The object oriented, equation based simulation language Modelica is completely
open which means that users are free to create their own model libraries or modify the model
libraries distributed with the software. Modelica’s multi-domain nature allows to model arbitrary
physical and electronic control systems. The customized shading control of the SEBF, could be
modeled as a subcomponent and easily adjusted or replaced by alternative designs. The open
implementation of the Modelica-Dymola environment gives the opportunity to understand every
component’s role within the system and to double check its behavior.
3.2. Modelling approach
Based on physical laws, current standards (mostly ISO 15099) and existing Modelica components,
the SEBF’s components were set up and an own component library, tailored to the project needs,
was developed. These components range from simple window models (U*ΔT) up to full transient
window and wall models. This allows a detailed analysis of the dynamic behavior of every
component and provides valuable indicators for further improvement of the façade system . All
components rely on physic laws and were compared to analytic solutions, other Modelica models
and / or small-scale experiments to ensure error free functioning. Small scale experiments with an
DGU comprising panes of acrylic glass in front of an oven showed high accuracy of the Modelica
model in both, air filled and water filled cases. For further investigations and verification of the
calculation mode, a real scale mockup is under construction.
The façade elements were modeled by their 1-dimensional heat fluxes under transient conditions.
Heat fluxes through transparent and opaque areas are considered separately (see figure 2). This is
due to the nearly impossible description of thermal lamination (the vertical temperature distribution)
within the cavity. Previous simulations showed that the influence of separated heat fluxes compared
to an ideal mixed gas temperature are insignificant for heating and cooling loads (<5%). The
increased simulation complexity resulted in extended calculation times.
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The application of SEBF is not restricted to a specific building type. While the presented set-up
is proposed primarily for office and educational buildings, it is potentially applicable in residential
buildings with adapted WWR configurations.

Figure 2 – Model scheme for transparent heat flux (upper row) and opaque heat flux (lower row)

According to figure 2 (upper row), the transparent facades are divided into external surface heat
transfer, external single glazing, cavity with shading device, insulated glazed unit (IGU) and internal
surface heat transfer. For opaque facades, see figure 2 lower row, two additional solid components
for storage material and insulation are present. The following description gives an overview of the
used façade components.
The internal and external surface heat transfer components follow the ISO 15099 description for
natural and forced convection and radiative heat exchange. Simplified, the internal or external air
temperature is assumed to be equal to the radiation temperature. Air and gas cavities are modeled
according to ISO 15099 (2003) with temperature dependent gas properties and parallel radiative
heat exchange.
The single glazing and all glass panes of IGU’s are modeled with a centralized mass and two
thermal resistances (surface 1 – mass and mass – surface 2). The solar gains for each glass pane
are passed to the mass node. Solar properties for glazing are usually given for perpendicular
irradiation and must be corrected according to Fresnel’s law in dependence of the solar irradiation
angle α for beam radiation as τ(α)/τ(90°). This correction was applied only to the transmission τ, the
resulting differences are accounted to the reflection ρ assuming that absorption does not significant
change for incident angles up to 85°. Fig 3 shows the exemplary effect of varying incident angles
for single and triple glazing.

Figure 3 – Fresnel solution for single glazing (left) and TGU (right) with transmission τ, external reflection ρ and absorption
coefficients for each glass pane αi (where 1 is the external and 3 internal glass pane)
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Solid components consist of several layers with resistors and masses. Heavy solid components,
e.g. concrete, are represented by 10 equidistant resistors, two surface masses (1/20) and 9 core
masses (1/10) in the model (see fig. 4 left). Insulation is regarded as a lightweight material and
therefore modeled with five equidistant resistors instead of 10 and consequently adjusted masses
(see fig. 4 right). A sensitivity analysis showed that the discrepancies on surface temperatures
between five or ten resistors are marginal.
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In the case of the DSF cavity, the two possible heat fluxes with and without shading device are
modeled in parallel. The shading control determines whether the heat flow is through the shading
device or air cavity by a factor from 0 to 1 in each heat flux model. A single aluminum layer of
1mm in the same manner as a single glass with solar gains applied on the external node and
the corresponding solar properties represents the shading device. For tilted state, the calculation
according to (Pfrommer, 1995) is implemented.

Table 1: Global Radiation Set Points for Shading Control (on façade surface)

All of the material properties are set to typical values found in literature. The emissivity of surfaces
are considered with ε= 0.84 for glass and ε = 0.9 for other materials. More specifically, the material
properties are close to standard as possible in order to minimize distortion of the results.

4

Results
4.1. Thermal Storage Influence

Figure 4 – Scheme of the opaque mass elements for heavy components (left) and lightweight components (right), with resistors
and masses

3.3. Boundary Conditions
The following results are observed for one façade element of 2.5m height and 1m width (2.5 m2)
with an inner parapet height of 1m. The double-skin façade consists of a triple glazing with a low-E
coating in each gas space (Ug ~ 0.7) and a 6mm single glazing in front of it. The low absorptive
(α=15%) shading device is mounted in the center of the 150mm deep, non-ventilated façade cavity.
The parapet consists a high absorptive thermal mass (α=80%) of thickness t =50mm and an interior
insulation of t = 75mm. Because of its high level of detail, the study is undertaken only at the façade
level. Influences by the attached rooms, HVAC, occupancy and manual overriding of controls are
disregarded. The climatic outdoor conditions are given by a standard design year for Zürich (CH)
on an hourly basis from Meteonorm (Meteotest, 2018). All parameters, such as temperature, wind
speed, façade irradiation and sun position, are interpolated linearly.
To the correct mode of the SEBF, the shading control must know whether the building is in ‘heating’
or ‘cooling’ mode. The mean outside temperature over the last 24h was chosen as the decision
criterion. If the mean outside temperature is lower than 12 °C, which is the heating limit temperature
in Switzerland, the system is in heating mode. If the mean outside temperature is higher than 15
°C, it is in cooling mode. The range between is a ‘free floating’ mode where the control strategy of
transparent and opaque shadings is set to avoid high passive gains.
This control strategy allows to determine the different control set points according to seasonal
needs. The outside temperature set points are adjustable to other climate regions. The following
table 1 describes all control set points as used in the simulations presented in this paper.

Initial simulations with an attached concrete mass of 10cm within the cavity proved that the system
provides an energy saving potential. Based on these first promising results, the simulation model
was elaborated and a simulation study conducted to identify the influence of the thermal mass.
The parapet configuration, as described above, has an U-Value of approximately 0.4. During the
heating period, which is defined as week 45 to week 10, the mean outside temperature in Zürich is
3.3 °C. With an inner room temperature of 22 °C, the heat loss per meter square façade is (static)
22.6 kWh. The simulation of the SEBF’s parapet without consideration of solar gains predicts a heat
loss of 23.2 kWh, which is a deviation of under 3%. By using the incident solar energy, the heat loss
drop significantly (-60%).
Based on this result, a parametric study to identify the influence of the thermal mass properties
is carried out. The thermal storage capability of the mass is given by the geometry, density ρ and
specific heat capacity cp. To simplify the parametric study, only one parameter is varied. For figure
5, the storage material is set to thermal conductivity λ = 2.1 W/(mK) (concrete) and density ρ =
1000 kg/m3. The specific heat capacity cp is the varying parameter.
Heat loss per square meter parapet decreases in both summer and winter by increasing storage
mass. To clarify, concrete with cp = 1000 J/(kgK)] and ρ = 2400 kg/m3 is equal to cp = 2400 in
figure 5. The upper end of the scale is cp = 4500, which is slightly higher than water (cp = 4200 J/
(kgK)], ρ = 1000 kg/m3).
The usual disadvantage of overheating in DSFs can be turned into an advantage, if thermal storage
mass is attached to the cavity. However, it seems that this improvement might be limited to nonventilated DSFs as determined by (Fallahi, Haghigat, & Elsadi, 2010).
Unfortunately, most materials within the range of cp = 1500 to 3500 according to figure 5, with
standardized density ρ = 1000 kg/m3, are massive stones (basalt, granite, concrete,…) or metals
(steel, aluminum, copper,…). Those materials are highlighted because of their density and not for
their heat storage capacity. On the other hand, water offers very high heat capacity while its density
is significant lower than those of stones or metals. However, the use of water within a façade
element may prove difficult.
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Figure 5 - Energy Balance per m2 parapet as function of specific heat storage capacity

Figure 7 - Energy flow per m2 parapet on a hot and sunny summer week (August 21th to 27th) for North and South orientation.
Mean outside temperature 19 °C and peak solar radiation south 700 W/m2, north 185 W/m2, respectively.

For summer days, an effective shading device must cover the high absorbing parapet to prevent
overheating. Again, the mass reduces overheating, lowers inwards heat flux and balances the daily
heat flow. The configuration C with water as storage mass once again outperforms configuration B
slightly.

4.2. Short Term Effects
4.3. Long Term Effects
Figure 6 and figure 7 show heat flux trough the SEBF parapet in three different configurations; A)
insulated panel covered with 2mm Aluminum, B) SEBF parapet with 5cm concrete and C) SEBF
parapet with 5cm of non-convective water for a cloudy winter week (figure 6) and a sunny summer
week (figure 7) each for south and north orientation. All three configurations operate with the same
shading device and control.

Because of its highly dynamic and unsteady characteristics, the SEBF does not fit the standard
U- and g-Value calculations. Consequently, it would not be reliable to compare it to standard
static energy balances of other façade types. Therefore, some of the most comparable façade
constructions are added to the comparison see figure 8 D & E. Configurations A, B and C still
correspond to the parapet constructions in section 4.2.

In winter, the heat loss through parapets with additional mass is generally slightly lower because of
their additional thermal resistance. Moreover, the attached thermal mass attenuates the heat flow
fluctuation and stores even low solar irradiation. While configuration A quickly heats up and the heat
flow fluctuation may irritates HVAC controls, the mass in configuration B & C slowly heats up, stores
the energy and balances the heat flow. Upon closer look on the 11th January in figure 6, the release
of stored energy is visible by slow decrease of energy flow in configuration B & C. Furthermore, the
higher storage capacity of water leads to lower peaks and lower decrease of heat flux through the
parapet.

A
B
C
D
E
Figure 8 – Façade elements sketch; A) SEBF Element with TGU and insulated panel, B) SEBF Element with TGU and parapet
with 5cm concrete, C) SEBF Element with TGU and parapet with 5cm of non-convective water, D) SEBF Element with TGU and
without parapet, E) Single skin façade with TGU and insulated panel according parapet A.

Figure 6 - Energy flow per m2 parapet on a cold and cloudy winter week (January 9th to 15th) for North and South orientation.
Mean outside temperature -3 °C and peak solar radiation south 720 W/m2, north 115 W/m2, respectively.
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For a direct comparison, all elements are modeled with the same basic components and controls.
For better readability, the results of the five configurations are reduced to seasonal results.
December to February are considered as winter, March to May as spring, June to August as
summer and September to November as Autumn. The seasonal results are presented for the two
most significant orientations: North and South.

191

According to figure 9 (left), for the case of orientations towards South the SEBF variants with
concrete (B) and water (C) as storage material have almost the same energy balance for all
seasons, nearly unaffected by short-term differences. Configuration A, without storage mass, has
30% higher conductive losses during the winter season, even with the same high absorptive panel
surface and its own shading device. The fully glazed variant (D) and the single skin (E) show
significant higher heat losses.

Products and Materials

Figure 9 - Energy balance for South facing façade elements

is due to the nearly identic simulation conditions and low solar irradiation on North facing facades,
were the strength of the SEBF loses its weight.

5

The effect of thermal mass within a non-ventilated DSF oriented to South and North directions and
subjected to the moderate climate in Zürich was studied. The simulations for this adaptive façade
system were conducted with the Modelica-Dymola software for a very detailed investigation of
the thermal behavior. The reduction of effective glazed area by the parapet leads to significant
reduction of direct and passive solar gains in hot seasons and thereby promises to reduce the
building’s cooling loads. By equipping the parapet with a thermal mass towards the DSF cavity,
further benefits are observed.
The results demonstrate that thermal storage mass can reduce heating and cooling demand, if
coupled to a suitable solar gain management. Unfortunately, most suitable masses are made of
heavy materials and therefore not applicable in a curtain wall structure. On the other hand, water
offers a high storage capacity and low density. However, water within facades raises other problems
about freezing and leakage. Therefore, small-scale experiments with water gel are in progress.

In summertime (figure 9 left), the energy balance for the three DSF systems with parapet (A, B & C)
is very similar. This is due to the closed highly reflective shading, which renders the high absorption
of the parapet ineffective. Configuration D, without parapet, has a 45% higher conductive heat
loss during winter and 60 % higher conductive heat inflow in summertime than variants B & C. The
single skinned configuration E has the highest energy losses in wintertime. The conductive heat
loss is nearly the double of the configurations B & C.

The short-term results show that the SEBF’s parapet, implemented with a thermal mass comprising
either concrete or water, balances the heat fluxes and promises to reduce peak loads. The positive
effect is clearly visible and holds on over more than 24h. On the long run, South-orientated SEBF
facades can significantly reduce conductive heat losses due to solar energy storage, depending
on the available solar irradiation In a real system, the parapet in configuration A would not be high
absorptive and managed by a shading device. Consequently, the heat losses in winter would be
greater and heat gains in summer reduced.

The total balance, figure 9 right, shows the result including direct solar gains. Here, configuration
D can compensate heat losses by higher solar gains. Ddue to the higher glazing area, the total
energy balance with solar gains shows always a significantly higher value, which indicates potential
overheating problems.

The SEBF parapet with thermal mass reduces thermal flux fluctuations in winter as well as in
summer periods. The thermal storage reduces heat losses during cold periods by releasing stored
solar energy. Furthermore, the thermal mass acts as a damper for heat flow fluctuations, which
promises to reduce load peaks for HVAC systems. The lower heat flow fluctuation and reduced
HVAC peak loads supports the HVAC function and could reduce installation sizes. Additionally, it
could lead to an improved occupant’s wellbeing.
Further research shall aim at improved the energetic performance by optimized selection of
materials an composition. For example, the interior surface emissivity of shading devices can be
reduced for decreased radiative transfer between shading device and thermal mass. This would
potentially further decrease the heat loss in winter as well as the heat influx in summertime. In
addition, the absorptive and reflective properties of storage mass and shading device shall be
improved for better functioning.

Figure 10 - Energy balance for North facing façade elements

Figure 10 shows the results for North facing elements. Due to lower solar irradiance, the SEBF
systems (B, C) do not perform significantly better than configuration (A). However, the shown
reduction of energy loss by 5% in winter is based on the assumption that the insulated panel in
configuration (A) acts under the same conditions as the SEBF parapet in (B&C). The CCF (D)
looses 13% more energy and (E) even 23% more compared to system B & C.
In the total energy balance, figure 10 right, all systems can effectively reduce heat losses due to
solar gains by about 50%, configuration D even 77% due to high direct gains. Interestingly, all DSF
configurations with highly absorptive parapet and two shading devices perform very similar. This
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Discussion & Conclusion

The investigation of the application of water gel as thermal storage and a real scale mockup are
planned. The mockup will be equipped with thermal sensors to compare it with the Modelica model
and to further improve the accuracy and reliability of the calculations.
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An initial study for the development of an
adaptive timber device for moisture buffering
applications
Osvaldo Vallati, Arianna Brambilla, Giulia Spalletti, Giorgio Frigerio, Gianluca Ranzi
The University of Sydney, Australia

Humidity is a significant component in thermal comfort and it has great impact on the energy spent
to cool a space, especially in high internal-load dominated buildings, such as offices. In this context,
components that could contribute to the buffering of the indoor humidity could have a positive
impact on the indoor comfort and might lead to reduction in energy consumption. Among different
materials, timber has a natural ability to react to the environmental conditions by absorbing and
releasing moisture and, therefore, for moisture buffering. This paper presents an initial study aimed
at the development of a timber-based interior device that could assist the balancing of daily humidity
variations that occur in hot-humid climates, such as the Australian one. The device is assumed to
function as a shading device for building facades or windows, or as office partition or office ornament.
The particularity of the proposed device is to combine different timber layers to enhance the area
activated for moisture buffering. In the initial part of the paper, maple samples of different thicknesses
have been considered and investigated experimentally to establish their moisture buffer values
obtained by the NORDTEST method. This is followed by the presentation of three prototypes and their
moisture buffer capability. The main features of these solutions and their ability to morph during the
moisture buffering process have been described.

Keywords: indoor humidity, moisture buffering, morphing, timber

1

Introduction
Indoor humidity plays an important role in building performance as it significantly affects the
energy consumption and the indoor environment (Janssen and Roels 2009). Latent heat loads
contribute to the thermal performance of a building because influencing both air-conditioning
needs and indoor thermal comfort (Rode and Grau 2008; Kunzel et al. 2005; Holm et al. 2004).
A comprehensive hygrothermal assessment is necessary when evaluating the building thermal
behaviour as the sole temperatures are not sufficient to describe the whole thermal model (Antretter
et al. 2010). The evaluation of the indoor humidity accounts for different factors, such as the internal
humidity generation given by occupants or other moisture sources, the moisture exchanged with
the ventilation and the moisture exchanged with the room enclosures (Janssen and Roels 2009).
The latter is often neglected as traditionally considered not significant, even if this can lead to
biased results in the final energy demand (Moon et al. 2014). The moisture buffer performance of
a room is given by the moisture buffer capacity of the different enclosures, which in turn results
from the combination of the moisture buffering of the materials constituting the enclosure (Rode
et al. 2005). Recent studies investigated the multiple effects of the interior moisture buffering
produced by different building materials (Janssen and Roels 2009; Kunzel et al. 2005; Holm et al.
2004; Salonvaara et al. 2004; Rode et al. 2006) and suggested that the use of highly hygroscopic
materials can reduce the energy consumption up to 30% (Zhang et al. 2017). The smart use of high
moisture buffering materials can also contribute in reducing the condensation risk and maintaining
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In this context, highly responsive building components capable of buffering exceeding indoor
humidity can be incorporated to contribute to the satisfaction of the indoor comfort and energy
performance requirements. For this type of building components, timber products represent an
attractive solution (Li et al. 2012). For example, it has been demonstrated that the correct use of
porous timber-based interior cladding can contribute to the stabilization of indoor relative humidity
between 43% and 50% when coupled with smart humidity-controlled ventilation systems (Woloszyn
et al. 2009). Recent studies investigated the timber responsiveness to hygrothermal stress by
using a special thin bi-layer timber element that exhibited morphing capabilities associated with
the humidity variations (Reichert et al. 2015; Correa et al. 2015; Correa et al. 2013). Bespoke
prototypes have also been developed that make use of the timber movement to enhance human
experience, e.g. (Cronhjort et al. 2016). For building and façade applications, the use of bilayered
wood systems have been proposed, e.g. , for shading and cladding modules (Reichert et al. 2015,
Holstov et al. 2017, Vailati et al. 2018) and for self-constructing timber surfaces (Wood et al. 2016).
In this context, this paper presents an initial study aimed at the development of a possible timber
device to be used for moisture buffering applications. The distinguishing feature of the proposed
solution is to enhance the exposed timber surface area and, therefore, the surface available
for moisture buffering functionalities. This is achieved by arranging the timber layers in closed
proximity to each other or by placing them on top of each other, and by taking advantage of the
timber morphing abilities to increase the exposure of underlying surface layers when subjected to
humidity variations. In this study, three prototypes that fall within the characteristics of the proposed
conceptual device are presented. One prototype has a flower arrangement to be applied on stems,
such as office lamps, or to be used as indoor ornaments. The second prototype is devised to serve
as a wall/partition component for office spaces and the third prototype represents a shading device
that can be used on building facades and windows. In the initial part of the paper, the material
characterisation of four maple samples of different thickness has been carried out to identify their
moisture buffer values (MBVs) in accordance with the NORDTEST procedure (Antretter et al.
2014) and to classify their ability to operate for moisture buffering purposes. The second part of the
paper provides a brief description of the three prototypes and how these could be used in buildings,
followed by their moisture buffer characterisation over two different relative humidity ranges.

2

Characterisation of the MBV of the maple samples in
accordance with the NORDTEST experimental protocol
The NORDTEST (Antretter et al. 2014) method is a protocol for evaluating the moisture buffering
value (MBV) of materials exposed to indoor air by considering the moisture buffer value as the
moisture uptake/release when the material is exposed to humidity cycles, normalised over the
exposed surface and the variation of the relative humidity. In particular, the MBV is defined as the
quantity of moisture transported to and from a material when exposed to cyclical daily variations of
relative humidity, expressed in units of g m-2 %RH-1 (Rode et al. 2005). The method is designed
to replicate the humidity patterns typical of an office building with a constant temperature of 230C.
In this study, the cycles have been carried out in an ATT climatic walk-in environmental chamber
(model number WZH10A1C) based on following specifications: (i) 8 hours at high humidity level,
RH 75%, representing the heavy occupancy period; (ii) 16 hours at low humidity level, RH 33%,
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healthy indoor environment (Bairi et al. 2017). These effects are more significant when low air
change rates are specified for the mechanical ventilation, as the ventilation itself is not able to
reduce the moisture loads (Woloszyn et al. 2009; Zhang et al. 2017). The HVAC design is usually
based on standard assumptions given by building codes that might lead to critical scenarios when
the set ventilation rate is not sufficient to control the indoor humidity (Antretter et al. 2010).

representing the hours where an office or space is not occupied; and (iii) constant temperature
through the whole experiment at 230C.
Four maple samples have been prepared with thicknesses of 10 mm, 4 mm, 3 mm and 2 mm
(Table 1). Their dimensions were determined to fall within the rated capacity of 1 kg possessed
by the adopted load cells. The specimens were sealed on one surface and on all four edges with
acrylic adhesive with nominal thickness of 50 micron so that only one face of the sample was
directly exposed to the humidity cycles. The specimens have been tested twice by changing the
exposed surface (except for the 3 mm thick sample that was tested on one side only).

Table 1: Description of samples and MBV values

An overview of the testing setup is depicted in Figure 1a, while a detail of the timber to load
cell connection is illustrated in Figure 1b. Considering the large dimension of the samples,
the specimens were subjected during the tests to slight movements produced by the air flow
generated by the environmental chamber. These movements produced fluctuations in the mass
measurements and, to eliminate this bias, the samples were protected by encasing them in large
plastic tubes with a nominal external diameter of 230 mm or by enclosing them inside a timber
barrier. Typical measurements recorded over a series of four cycles are reported in Figure 2. As
required by the testing protocol, the moisture buffer value was calculated based on a stabilised
mass variation. This was checked by ensuring that differences in mass measurements between
adjacent cycles remained within 5% over at least three consecutive cycles. A slight shift in mass
readings was observed when testing the performance of the load cells with the NORDTEST
cycles while using a material not influenced by moisture variations. In this case, the readings’
changes were in the opposite direction to those noted for the moisture mass variations subjected
to the RH cycles and were small when compared to the latter measured masses. In this initial
study, the measured masses were not corrected by this slight shift. The MBV calculated for the
maple samples are reported in Table 1, from which it can be observed that different moisture
responsiveness were measured for the two surfaces of the samples, referred to as A and B in the
last two columns of Table 1.

Fig. 1 Overview of the test setup for the evaluation of the MBV values
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For the comparison of MBV values of different materials, Rode et al. (2006) proposed a
classification system for the moisture buffering performance based on the experimental
measurements that included the following categories: (i) negligible effect: MBV below 0.2 g
m-2%RH-1; (ii) limited effect: MBV ranges between 0.2 and 0.5 g m-2%RH 1; (iii) moderate effect:
MBV ranges between 0.5 and 1 g m-2%RH-1; (iv) good effect: MBV ranges between 1 and 2 g
m-2%RH-1; (v) excellent effect: MBV above 2 g m-2%RH-1.
Based on this classification, the maple specimens characterised in this study are regarded as
“good”, meaning that the material can effectively contribute in buffering the indoor moisture
concentration.

3

Preparation of the prototypes for moisture buffering applications
In this initial study three types of prototypes have been developed and these are briefly presented
below. The first prototype is depicted in Figure 3 and consists of a ‘flower’ concept that is achieved
by combining in a vertical arrangement maple layers with thickness of 2 mm. This solution could
be used, for example, around the stem of a lamp or similar objects. The external surface of each
layer is sealed by means of a moist-proofing wax to establish an asymmetric exposure condition
to the environment among the two opposite surfaces. When exposed to a relative humidity cycle,
the prototype starts in the initial configuration shown in Figure 3a at a low relative humidity level
(i.e. RH 33%) and moves, for example, to the configuration presented in Figure 3b during the initial
part of the high relative humidity exposure (i.e. RH 75%). With the particular geometry adopted
in Figure 3, the prototype has a footprint in its closed configuration (Figure 3a) of about 0.01 m2
and it possesses an exposed surface area of about 0.24 m2. In this manner, the volume within the
footprint of the device is efficiently occupied to maximise the possible moisture buffering capability
of the timber.

Fig. 3 Morphing process of the ‘flower’ prototype (low RH = 33%, high RH = 75%)
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Fig. 2 Typical mass variations recorded over four cycles and plotted against RH variations

The second prototype is depicted in Figure 4 and intends to be a basic module of a modular
solution. It has been prepared with three overlapping layers of maple sheets with thicknesses of
3 mm and 4 mm placed on a 10 mm thick maple base. The initial and morphed configurations
are shown in Figures 4a and 4b, respectively. These have been obtained at levels of relative
humidity equal to 33% and 85%, respectively. The flexural deformations of the different segments
of each sheet have been obtained by sealing the timber surfaces on both sides with clear tape
(polypropylene film) following a staggered arrangement. The advantage of this system is that it
represents the basic module that could be used to cover walls and office partitions, also considering
different morphing patterns among adjacent modules to achieve architecturally attractive solutions.
With the geometry adopted in the system of Figure 4, the footprint of the module is about 0.08 m2
and the exposed surface available is about 0.26 m2 by considering the exposed areas of the three
morphing layers and of the 10 mm thick base, therefore leading to a good utilisation of the module’s
area for moisture buffering purposes.

Fig. 4 Morphing process of the prototype for a basic module for the modular wall/partition system (low RH = 33%, high RH =
85%)

The third prototype consists of a shading device that can be used on the interior side of building
facades and windows. The sealing of selected maple surfaces for the morphing was carried out
with the wax used for the flower prototype. The geometry of its components is identical to those
specified for the wall/partition prototype with the difference that only 3 mm thick maple was used
in its preparation. For this purpose, the footprint and the exposed area per square metre are
those already provided for the wall/partition system. In the layout presented in Figure 5, the timber
morphing components have been installed in a Venetian arrangement by attaching them to a
transparent plastic skeleton. The device can vary from a fully shaded configuration (depicted in
Figures 5a and b at relative humidities of 33% and 75%, respectively) to a fully open layout (shown
in Figures 5g and h at relative humidities of 33% and 75%, respectively). Views at intermediate
shading angles are provided in Figures 5c-f. For clarity, Figure 5 has shown the use of two Venetian
components placed next to each other.
The moisture buffering capabilities of the proposed prototypes have been quantified by measuring
the moisture mass variations occurred during cycles performed in the environmental chamber
following the NORDTEST protocol (Antretter et al. 2014) while varying the relative humidity
between 33% and 75% as well as in the range of 33% and 55%. The calculated MBV values have
been reported in Table 2 and these were calculated based on the measurements obtained from two
consequent cycles (instead of 3 consequent cycles as specified in the NORDTEST protocol). From
Table 2 it can be observed that the MBVs of the prototypes are similar to those measured in maple
panels (Table 1) even if the flower-type prototype produced a slightly smaller MBV and the shading
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4

Conclusions
This paper presented the development of three prototypes prepared from maple sheets that could
contribute to the buffering of the indoor humidity in indoor building applications and that could be
used as shading device for building facades or windows, or as internal wall/partition components or
ornaments. The material selected for this work was maple because naturally capable of reacting to
the environmental conditions by absorbing and releasing moisture.

Fig. 5 Morphing process for the shading prototype (low RH = 33%, high RH = 75%)

Table 2: Description of MBV values of prototypes

In the first part of the paper the selected material (maple) has been tested in accordance with
the NORDTEST method to determine its moisture buffer values for different thicknesses. This is
followed by the presentation of the three prototypes that fall within the specification of the proposed
device aimed at combining different layers of timber in different arrangements to enhance the
activated area for the moisture buffering function. The first prototype described has the shape of a
flower and possesses a large exposed area of timber (available for moisture buffering purposes).
During its moisture buffering process, it changes shape by undergoing flexural deformations
induced by the asymmetric exposure conditions of its surfaces to the environment (i.e. one surface
is sealed and one is kept exposed to the environment). The second prototype consists of a basic
module in which three maple sheets have been placed on top of each other and supported by
a maple base. Also in this case, the exposed surface area available for moisture buffering is
increased when compared to a standard wall/partition module with the same footprint and a
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prototype led to a higher MBV when compared to the performance of the base material panel
samples. The maple used for the panels of Table 1 and for the prototype preparation (Figures 3-5)
was purchased through two separate procurements. The MBV values observed for the two intervals
of relative humidities (i.e. for cycles between 33% and 55% the MVs reported in the second column
of Table 2 and for the range 33%-75% MBVs tabulated in the third column) highlight the fact that
the mass variation induced by the moisture occurs at a faster rate for the larger RH variation under
the 8 hour window set by the specified test protocol.

morphing process takes place during the functioning of the system. The third prototype represents
a shading device built on a Venetian arrangement based on the proposed wall/partition component
solution. It is envisaged that the prototypes could find applicability in office buildings.
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Adaptive window block for residential use:
optimization of energy matching and user´s
comfort
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Marco Lovati a)
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European Union policy goals related to energy use in buildings are strongly promoting EU building
stock renovation. In this framework, innovative solutions to energy retrofit in residential use are being
sought, aiming at enhancing thermal performance, energy production and use, together with offering
increased adaptability to continuously variable climate conditions and minimizing impact on building
occupants, both during renovation works and service life.
Windows are a crucial component in the renovation process, as they are a strong geometrical
constraint, but at the same time they provide space for active systems integration, together with
significant opportunities to deliver major comfort enhancement to users, through the combined use of
technical systems, such as shading and decentralized ventilation. This paper illustrates the concept of
an adaptive, factory assembled solar window block, with a very limited impact on building occupants
during installation, which makes it particularly appealing for residential use. In addition, the developed
set of solutions allows to progress towards energy autonomy by combining an optimized passive
performance (low thermal transmittance, solar control) and the integration of photovoltaic technology
to reduce non- renewable energy demand of the window block system.
The adaptive solar window block design has been carried out with strong support from window
framing, photovoltaic glazing, automated shading and decentralized ventilation manufacturers to
develop a set of viable configurations for residential window retrofit use. Defined options are modular,
flexible and easy to install, allowing for an optimal integration of several technical systems. The
window block catalogue has been drafted through the following phases.
i) Preliminary catalogue: set of options including the integration of various technical components
with the aim of maximizing internal comfort and energy performance. ii) Benchmarking of preliminary
options against technical and economic criteria, such as thermal performance, ease of installation/
maintenance, production and installation costs, energy production from renewable sources, impact on
building tenants. iii) Cost/benefit analysis developed on one case study building. The results of this
work also include a set of early design guidelines to promote the integration of adaptive solar window
systems in future residential buildings renovation.

Keywords: prefabricated window, retrofit, energy harvesting, system integration, consumption
optimization

1

Introduction
1.1.

Background

Windows are responsible for a consistent part of energy consumption in the building sector, as
the quality of these components affects several performance aspects, such as daylighting, heat
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1.2.

Objective

The aim of this research work, developed within the frame of the H2020 funded project Energy
Matching, is to develop innovative window solutions for building energy retrofit in residential use.
Solutions developed are based on the window block concept, minimizing the risk of mistake in
the window’s replacement, thus increasing energy efficiency compared to the traditional window.
Window block is pre-assembled, minimizing the impact on building occupants, and is designed
to integrate a set of active components, to support the achievement of improved envelope
performance together with increased comfort and adaptive functionalities.
The window block is thought as a way to facilitate the integration of: a new shading systems, a
decentralized ventilation machine and a PhotoVoltaic (PV) element with battery. The first two
components are key element in a comfortable and energy efficient building. Having a decentralized
ventilation machine gives the possibility of minimizing the impact of the renovation on the
inhabitants, avoiding the use of ducts. The integration of the photovoltaic in the window block
system tackle the topic of facilitating the integration of renewable energies, especially focusing
on the advantages of the self-consumption triggered by the presence of a battery. As further
advantage, the installation of such multifunctional system would not require any electric cabling.
The work presented in this paper describes the concept of “solar window block”, its design
methodology and first preliminary analysis of different window block configurations. More in specific,
some technical features are reported besides the performances in terms of energy matching
between the PV energy production and the ventilation machine through the electric battery

2

The window block defined within the frame of the project has been developed based on a set of
requirements related to the specific project objectives of matching solar energy generation and
loads, but more in general to respond to the increasing need for adaptive and multifunctional
building components. More in detail, the design phase is aimed at achieving the following targets:
(i) adaptability to changing indoor and outdoor conditions; (ii) off-site fabrication, with most of the
assembly work carried out in a manufacturing environment maximizing the fabrication precision;
(iii) minimized impact on building occupants, thanks to the reduction of on-site works and most of
the installation related operations carried out on the outside of the building; (iv) timely matching
between energy production from Renewable Energy Sources (RES) and energy consumption,
thanks to the optimization of system production and on-site self-consumption; (v) design flexibility
and modularity, to guarantee easy integration and boost replicability of the technological concept
also after project end.
One relevant topic in the field of window renovation is the useful daylight transparent area, which
turn out being a major requirement in the design of the window block. The design flexibility allows
shaping the window block case by case trying to preserve or if possible to enlarge the window’s
hole sizes. As general approach in the case of an existing roller shutter, the integration of a
venetian blind into the insulating block - or directly in the Insulated Glazing Unit (IGU) - allows to
increase the height of the window.
The research work methodology has started with a preliminary literature and technical research
to identify various commercial technical components to be integrated with the aim of maximizing
internal comfort, optimizing energy performance and accommodate various external and internal
conditions. The second step has been the schematic design of the above options, with the aim of
identifying technological interferences, geometrical constraints and validate the compatibility of the
selected system components for each of the options. The technical add-ins has been combined
defining a larger set of viable options for a general adaptive and advanced window block system.
Finally, benchmarking of these options against both technical and economic criteria has resulted in
a sort of catalogue. A comprehensive cost-benefit analysis for the defined window block applied on
a case study building is also in scope, as well as the definition of early design guidelines, which will
not be presented in this paper due to project execution timing.
2.2.

Components and combination options

The window block has been designed integrating the following three main active components: (i)
semitransparent or opaque glass-based photovoltaic module directly coupled to a battery, and to
a charge controller, to better exploit RES energy production; (ii) bidirectional ventilation unit with
heat recovery to support indoor comfort; (iii) automated shading system. The whole concept is built
around the idea of adaptability, with the aim of a shared control system for the different devices
installed in the window block, such as ventilation unit and shading system, so that the component
can better react to changing environmental conditions, without requiring user intervention. In
addition, medium/long-term adaptability is also guaranteed by the technological design, which
allows to access most of the removable components with simple operations, so to ease the
maintenance and change of use during the product life cycle.

Methodology
2.1.
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gains, unwanted or uncontrolled airflows, indoor air quality. All of the above parameters can be
variedly controlled through the adoption of advanced window systems, aimed at optimizing the
global envelope performance. Throughout Europe, around 50% of the windows installed in existing
buildings still integrate a single glazing unit [1]. This fact can be easily translated in roughly the
same amount of windows dating back to the 1960s, characterized by low or absent thermal
insulation and poor installation technique. Such features have a substantial impact on the building
performance, making the role of efficient windows crucial within the building stock renovation
perspective. Such features have a substantial impact on the building performance, making the role
of efficient windows crucial within the building stock renovation perspective. However, the evident
benefits in terms of indoor comfort and energy efficiency of mounting new windows are threatened
by the complexity of the window installation. As a results, a not correctly installed window can
determine discomfort, energy losses as well as reduced material life time respectively because of
undesired infiltration and condensation risk due to thermal bridges.
Since the 1970s, prefabrication of window blocks gradually entered the market offering several
technical advantages, including but not limited to: simplified design phase, thanks to the standard
installation of the window inside the insulated block, enhanced reliability during installation and
easy compatibility with ETICS insulation systems, simplified installation thanks to the preliminary
alignment of the block with the building façade plane, effective insulation and elimination of
geometrical thermal bridges thanks to the continuous insulation layer on the façade. The window
block system is more and more used in new construction, but also offers relevant opportunities for
successful integration in existing buildings, allowing for quick and non-impactful window substitution
to enhance building energy performance.

Window block concept and requirements
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Table 1: Active components options for the designed window block system. The difference between window glass 1 (trans.) and
window glass 2(trans.) is the varied degree of transparency, 70% vs 90% opaque surface with respect to the total surface. The
difference between Window sill 1 and Window sill 2 is both in module dimension and tilt angle.

drawings production for a set of preferred options among the 40 defined in Table 1. The technical
detailing phase has been case-study focused on the one side, with geometrical constraints and
other interaction with the existing building components, and on the other side it made a point on
particular technical systems to be integrated in the block. The following phases are still to come
with regards to the current project status, but have been already analysed in order to identify
possible interferences during the construction works. Window block assembly will be mainly carried
out at the manufacturer´s site, and will produce a semi-finished component (insulated window
block) with all the necessary slots and support components for the integration of PV modules,
battery and decentralized ventilation unit. The remaining part of the work will be completed at the
construction site, with a minimum impact on building occupants. According to the manufacturer
estimation, the expected average duration to complete a single window block substitution will be
around four hours with two builders working on it. This provides a clear view on the minimized
impact for tenants, as at least 50% of this work can be carried out from the outside.
2.4. Window block performance evaluation through Key Performance Indicators (KPIs) and
configuration selection procedure

Preliminary definition of the possible options to combine the three active components led to the
definition of around 40 different possibilities, which provide an early design guideline of the many
chances to integrate such components in a prefabricated window block. The designed window
block is represented in Figure 1 for one of the envisaged options. Components integrated in the
window block are the following: insulating block, to be fabricated off-site and installed from the
outside of the building; triple glazing mounted on a timber window frame integrating automated
shading system; photovoltaic modules in a variety of configurations (see Table 1); battery for energy
storage of the excess production from RES; decentralized ventilation machine with power supply
coming from the PV production; shared control unit for enhanced energy management strategy and
user experience (this component is still under development and will allow the user to control both
the shading system and the ventilation machine through the same device).

Besides the technological development based on building product requirements, the choice of
the most promising solar adaptive window block configurations has to be calculated on the basis
of their corresponding expected performances. Hence, the design process has been carried out
according to varied performance drivers, such as visual indoor comfort (daylight), indoor air quality
(in terms of CO2 concentration), electric energy matching between photovoltaic generation and
electric load, heating and cooling energy demand and costs analysis, which must be considered
for all configurations. Due to project timing, only indoor air quality and electric energy matching
are presented in this paper. Given that the RES energy potential largely depends on location
and orientation of the façade, an extended number of parametric simulations have been carried
out based on an interdisciplinary work between ventilation strategy design and RES production,
consumption and storage. In most of the analysed PV configurations, performance evaluation is
carried out with separate calculation and output integration, as they solely related to the existing
window hole orientation, dimension and type of integration. However, in the case of PV overhang,
a multi- physics approach is adopted, in order to determine the optimal tilt angle with respect to the
above mentioned window features, including height and the presence of eventual obstructions, on
the basis of a coupled simulation optimizing PV production, daylighting and heating/cooling demand
as discussed in [2] [3] and in [4] to determine the most appropriate sizing and tilting. In the following
list, the calculation methodology is reported for each KPI field:

•

•
Fig. 1 Window block concept design for a random option among the proposed alternatives.

2.3.

Whole construction process breakdown

The cradle to gate process for the window block development is presented according to the
following phases. The preliminary design phase consisted of requirements definition and schematic
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Daylight performance has been calculated with Radiance on the basis of a Rhino-Grasshopper
parametric model [5]. The adopted KPIs are: (i) Daylight Factor (DF) to select only the viable
solutions in compliance with [6] and (ii) Useful Daylight Illuminance (UDI) to better characterize
daylight levels in different room measurement spots during the whole year [7]. These parameters
are not in scope for this paper.
Indoor air quality has been set as requirement in terms of maximum CO2concentration allowed for
different occupancy profiles (bedroom and living room) and indoor environmental quality classes.
CO2 concentration is calculated according to a simple mass balance equation assuming: “well
mixed” condition for the reference room, constant ventilation rates during each time step (hour),
constant infiltration rates during whole year, equal to 0.47 h-1 (n50 = 2 h-1), constant outdoor
pollutant concentration (400 ppm), constant emission of indoor sources during each time step,
outdoor CO2 concentration equal to 400 ppm. Indoor CO2 sources are generated in the living room
at 26.7 g/h-pers considering an activity metabolic rate equal to 1 met and in the bedroom at 18.7
g/h-pers considering an activity metabolic rate equal 0.7 [8].

207

Electric energy matching has been evaluated with two KPIs: (i) number of hours with more than
one hour of no ventilation in a year, to discard those configurations unable to autonomously provide
the needed power supply for the decentralized ventilation machine; (ii) self-consumption and (iii)
self-production, useful to evaluate the energy matching. These latter are calculated according to the
formulas below.

These KPIs have been determined from the calculation of the PV power production and the battery
state of charge for each hour of the year with the model described in [9]. The model gives priority to
self- consumption of the electricity produced by the PV. When the electrical load exceeds the power
provided by the PV production, a battery can be used. In case of PV over production with respect
to on-site self- consumption, the battery is charged (when present, as not all of the options include
a battery) and the eventual other excess energy is not transformed by the PV module thanks to a
production control device. Inputs required for this simulation are: irradiance on the PV area, outdoor
temperature, battery size, PV module efficiency, temperature correction factor as well as ventilation
machine electric load profile. The latter has been generated from the mechanical ventilation airflow
schedules considering the Specific Power Input of the ventilation unit (0.35 W/(m³/h)).
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•

with vertical inclination to be used as blinders, opaque sill in two different sizes, opaque portion of a
window glass with crystalline silicon technology, semitransparent BIPV glass integrated in window
frame (see Table 3). For all of the above options, a lamella-based shading can be integrated or not,
according to specific project needs. The main technical features of the seven simulated scenarios
for PV integration are summarized in Table 2, with an indication of positioning with respect to the
window block, tilt angle, azimuth and active surface area, together with peak power and expected
power production over the year. This data served as an input in the option selection process, as
seen in Figure 2.

Table 3: PV integration options and power production details (based on Florence weather data, for South orientation)

Within the next project steps, the same options will be also evaluated against other relevant KPIs
related to thermal performance (heating and cooling demand) and investment cost evaluated on the
basis of installed components and works to be performed on site.
2.5.

The simulated options have been filtered on the basis of their performance in terms of PV
production with the aim of providing the necessary power needed to make the decentralized
ventilation unit installed in the same block work according to two requirements: (i) no electrical load
increase for the occupant; (ii) hours without ventilation below two (see 2.4). The simulation has
been carried out using input data of the load profile generated as shown in 3.2, according to the
following phases:

Reference case

The reference building used for the energy production and demand simulation is one of the three
demo-cases in the Energy Matching project. It is a residential use building dating back to 1984,
located in Campi Bisenzio – Florence, Italy. The building has four elevations and three of them are
occupied by residential units, four per floor. Currently, total energy consumption of the building is in
the range of 145-175 kWh/m2y. Windows are located on two facades, respectively facing southeast and north-west and can be divided in three main categories as summarized below:

•
•

•

Table 2: Window geometric features for the selected case-study building

3

Results and discussion
3.1.

Load profile generation: the electrical load profile has been calculated for a sample reference
volume with varied occupancy scenarios and acceptable levels of comfort;
Electrical production for the specific window block configuration: the expected power production
has been calculated for the Southern orientation (future work will include a parametric simulation
performed on several orientation and geographies) based on the irradiation data related to the case
study building;
Energy production vs. demand matching: this calculation determines the hours without ventilation
parameters based both on a self-consumption/self-production scenario and with the use of a
battery, with the aim of proposing adaptive solutions to benefit the early design stage
Based on simulation results, single configurations can be ranked according to the energy-driven
design approach. In the next project steps, further parameters such as thermal performance,
investment costs and operation & maintenance will be accounted for when proposing a design
guideline.

Catalogue of solutions and design choice
3.2.

A set of options has been defined according to the technical elements illustrated in 2.2, and a
subset for detailed performance analysis has been identified from the extended set. In this phase,
the main drivers were: (i) integration of a decentralized ventilation unit; (ii) different photovoltaic
integration options, such as: opaque overhang with an optimized tilt angle, opaque window shutters
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Application on a demo case

Two of the selected technical solutions are reported in Fig. 3-4, with a complete description of
integrated components. Both of them represent the full optional scenario, with all the proposed
active components integrated in the window block (VMC, lamella shading, PV module). Of course,
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it will be also possible to install downgraded options with less integrated components according to
specific project requirements, such as technical feasibility or budget constraints.

also higher over the year in the case of IEQ II, since higher ventilation rates are required. Further
analysis should be performed on the distribution of such hours over different day times (morning,
afternoon, night) in order to make more realistic evaluation on the impact this behavior can have
on occupants. It is easily inferred that configuration S1 is the most productive one, with a minimum
number of no operating ventilation hours.

Fig. 3 Window block schematic design for the selected option with photovoltaic overhang integration.
Fig. 4 Window block schematic design for the selected option with photovoltaic sill integrated at the bottom edge of the window
block.

The proposed ventilation unit has five operating speeds supplying up to 42 m³/h with a maximum
power consumption equal to 20.6 W. In order to verify the self-sufficiency of the whole PV-batteryventilation system, electricity demand profiles of the ventilation unit are generated by selecting the
optimal fan speed on an hourly basis, able to ensure acceptable CO2 concentration according to
Indoor Environment Quality category II and III [10].

Fig. 5 Predicted CO2 concentration level for a reference living room with 4 people occupancy plotted against power consumption of 2 ventilation units.

The graph in Fig. 5 shows predicted CO2 concentration level for a 65 m³ reference living room
occupied by 4 people from 7:00 to 22:00 h considering the power consumption of 2 ventilation
units installed in the room to ensure CO2 concentrations below 1250 ppm. Ventilation speed
control is running intermittently between fan speed 4 and 5 to increase battery charging. Fig. 6-7
show the energy matching KPIs for the seven different PV integration options for the simulated
reference living room, considering the integration of a 250Wh battery which allows to fine tune
no power supply hours. Battery use reduces the number of hours with no power supply by 250.
As expected, the matching is less frequent for all configurations in the case of higher indoor air
quality conditions, as the ventilation machine is working at higher speed rates and consuming more
energy. In addition, the number of hours without ventilation (intervals longer than one hours) is
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4

This paper presented the overall design process for an innovative, adaptive and parametric
window block for energy retrofit in residential buildings, developed within the frame of the H2020
Energy Matching project. The window block has been designed in a variety of configurations to
accommodate several active components, such as ventilation unit, photovoltaic modules for RES
exploitation and automated shading devices. The main aim of this design process is to create a
flexible concept able to guide designers during the early stages of decision making when selecting
viable options for energy efficient renewal of buildings. The proposed solutions are characterized
by medium level of prefabrication, they allow to minimize the impact on building occupants both
during the installation and the operation phases, and tend to be autonomous in terms of energy
consumption, promoting self-consumption of the electricity produced by the PV modules. The
design process is based on the definition of a baseline of technical requirements for the window
block, then optimized according to several parameters measured through relevant KPIs, with
the aim of ranking the diverse options against one another. To date, the window block has been
optimized on an energy-based approach, with the sole scope of matching energy production and
load over the year, minimizing non-operating hours for the ventilation unit installed. Simulations
have been performed on a set of configurations for the PV modules to be integrated, but on a
single geographic location. In the next months, further work will be analysis will be replicated along
different geographies and case study buildings, in addition to including the missing parameters in
the evaluation.

5

The graph in Fig. 8 shows predicted CO2 concentration level for a 40 m³ reference bedroom
occupied by 2 people from 22:00 to 08:00 h and power consumption of a single ventilation unit
installed in the room to ensure CO2 concentration below 1250 ppm. In this case, ventilation
speed is lower compared than the living room (level 2) to keep indoor noise level below 30 dB
as recommended by [11]. Fig. 9-10 show the energy matching KPIs for the seven different PV
integration options for the simulated reference living room, considering the integration of a 250
Wh battery which allows to fine tune no power supply hours. Also in this case, battery use reduces
the number of hours with no power supply by 250. In the case of bedrooms, the energy matching
is closer in both indoor air quality scenarios, due to lower occupancy in terms of people/hour. The
number of hours without ventilation is rather limited in many options and it is equal to zero in the
case of configuration S1, S2 and S7 for both IEQ scenarios.
Simulations performed so far show interesting perspective for the integration of energy autonomous
window blocks in existing buildings, as there is sufficient room for system optimization which allows
designers to pick up technological options equipped with both PV modules and ventilation units
able to operate without adding any further electrical load to building occupants. Further steps within
project development will include multi-parameter system optimization to account for other relevant
features, such as heating and cooling demand, daylighting and investment cost (both in terms of
installed components, works to be performed on site and operation/maintenance costs in a life
cycle perspective).
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ACT Façade – Interior sun shading for
energy efficient fully glazed façades
Paul-Rouven Denz, Wolfgang Priedemann, Lars Anders
Priedemann Facade-Lab GmbH, Germany, paul.denz@priedemann.net

In classical modernism the dream of a fully glazed high-rise was within reach thanks to the emerging
curtain walls. Mies van der Rohe already designed his vision of a glazed high-rise in the early
20th century. Nowadays realizing such a single-layered, fully glazed façade considering current
sustainability criteria and energy regulations seems impossible. But with the Active Cavity Transition
(ACT) Façade an interior sun-shading system was developed, tested, built and is in operation at the
Festo AutomationCenter. This façade system not only protects from summer overheating but also
improves user comfort and energy efficiency of the building. To enable more varieties of the ACT
Facade to meet individual project demands the façade solution is being further developed. Moreover
several office buildings are already under planning and the ACT Façade adjusted accordingly.

Keywords: High performance, low maintenance design; interior sun-shading; fully glazed facade;
user comfort; exhaust air façade; solar thermal air collector

1

Background
In contemporary office buildings cooling accounts for the majority of the energy consumption
because of internal heat sources. High solar income during summer or at low winter sun heat up
the inside of these buildings additionally (BINE 2007).
As known solar control glazing alone is not sufficient to guarantee summer heat protection and
meet the guidelines of workplace regulations concerning sun protection and anti-glare protection.
Thus typical façades respond by reflecting unwanted solar radiation to the outside by elaborate
sun-shading devices (Kuhn 2017) and a higher ratio of opaque façade area. In contrast, the Active
Cavity Transition (ACT) Façade works on the principle of absorbing the unwanted solar radiation
and extracting it for further use within the building. Thus providing a basis for not only more energyefficient buildings but also improved micro-climate of cities by counteracting urban heat islands
(Jung 2018).

2

Concept
Based on the classical air-exhaust façade consisting of an external insulated glazing plus an
internally ventilated glazing, which was yet built e.g. at the Treptowers high-rise buildings in Berlin
in the late nineties (Spangenberg 2017), a new concept of an internal blind was developed to act
as adequate internal sun-shading. Bringing together façade functions / requirements and building
services as proposed by (Klein 2013) in this case sun-shading and mechanical ventilation.
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			 a)						b)
Fig. 2 a) Horizontal and b) vertical section for ACT Façade with mullion-integrated ZIP guiding rail

Fig. 1 Operation mode Active Cavity Transition Facade

Since the blind and exhaust air system can be operated individually this façade solution creates a
variable g-value according to position of blind and operation of the ventilation system. An optimized
operation of the ACT Facade is likely to be controlled by building automation system nevertheless
being possible to overwrite manually by the user (Architekturbüro Jaschek et al. 2016). Due to the
inner installation the system can be operated regardless of weather conditions like wind and is also
less exposed to pollution or damage like external systems.

The mandatory inner blind for glare protection is being “activated” and becomes a separation
layer in the façade buildup to generate an air-exhaust corridor between blind and external glazing.
Enabling an internal sun-shading by generating a buffer zone for solar radiation and heat. Thus
thermal load from the sun does not enter the actual office space starting behind this textile barrier
but gets sucked out through the mechanical ventilation for exhaust air necessary for the office
space anyhow (see Fig. 1).

3

Implementation and operation
The newly developed Active Cavity Transition (ACT) Façade is an efficient combination of typical
façade components such as insulated external glazing, glare control blinds and mechanical
ventilation into an adaptive façade system as proclaimed by (Knaack et al. 2015).
Solar radiation causing overheating of the interior space is captured within the given corridor
between blind and glazing. On the surface of the blind the solar radiation is being absorbed and
changed into long-wave heat radiation. The exhaust air from the office is than sucked into and
through this interspace leading away the generated heat by its air flow (see Fig. 1). Thus preventing
unnecessary heating-up of the indoor space. In addition the surface of the blind facing the interior
has a low emissivity due to low-e coating and is cooled by air-flow creating lower radiation
temperatures to the inside of the building. This enables a higher quality in comfort preventing
radiation asymmetry within the office space. Thus reducing energy consumption by less cooling
demand and raising user comfort through an intelligent façade system as characterized by (Böke et
al. 2018).

4

Testing and benefits
To verify the efficiency of the ACT Facade and to define the ideal layout and combination of
parameters such as screen choice (color, openness factor, transmission, reflection, view etc.)
dimensions for the corridor and the intake width for the exhaust air etc. several simulations and
scientific testing have been executed and further planned.
At the Fraunhofer Research Institute on Building Physics in-situ testing facility VERU (Fraunhofer
IBP 2018) close to Munich, Germany, different set ups of the ACT Facade had been analyzed. A
unitized façade element of 3.0 m width and 3.5 m height including a fixed glazing of 2.3 m width as
ACT Facade and a parallel opening window out of electrochromic glazing was installed (see Fig.
3). This combined with a room behind of 7.5 m in depth served as test layout. Installing building
service units for heating, cooling and ventilation, adding heat sources representing office usage
and measuring instruments for temperature, air velocity and radiation plus thermographic camera
and smoke tests to detect air movement (Eberl et al. 2017) enabled the all-over understanding of
operating principle and performance of an ACT Facade for office buildings.

To ensure a controlled air flow through the textile screen and project-individually planned air intake
zones into the cavity (Denz, 2016) the screen runs within a tight ZIP guiding rail e.g. (WAREMA,
2018) as shown in Fig. 2.

a)			
b)				
Fig. 3 a), b) and c) Testing of ACT FACADE at Fraunhofer IBP VERU building
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c)

217

In addition to this testing also a parallel measuring at the Fraunhofer IBP Twin-Rooms, ensuring
exact same external and internal conditions for both set-ups, has been conducted (see 4 a)).
Giving a direct comparison between a ventilated inner blind, as Active Cavity Transition Façade
with air exhaust, and a non-ventilated inner blind, as state of the art system only serving as glare
protection, behind the glazing. As screen a SecuTex fabric with inside silver (low-e) and outside
white color was used. During these measurements with an airstream of 120 m³/h the ACT Facade
consumed up to 25 % less energy for cooling in comparison to the compared standard solution
(see Fig. 4 b)).

Products and Materials

Showcasing that with the right air speed, constructional detailing and blind materials a majority of
the solar radiation could be exhausted before entering the room. During October, having a high
direct solar radiation towards the south facing façade, because of the low sun angle in Germany,
from a global radiation of 800 W up to 380 W could be extracted through the exhausted air not
including the reflection from the external glazing.

		
a)						
Fig. 5 WinSLT comparison of a) ACT FACADE and b) non-ventilated façade with internal blind

b)

It should be considered that WinSLT is calculating a static situation whereas the ACT Facade
due to absorption properties, air velocity and stream, screen positioning and sun path should be
seen as a dynamic system in combination with the all-over building. Therefore for planning of
construction projects more elaborate software for thermal simulation and CFD simulation are used
in combination, also taking into account individual project and location criteria.

5
		 a)					
b)
Fig. 4 a) Fraunhofer IBP Twin Rooms and b) Reduction in cooling load through ventilated blind (© Fraunhofer IBP)

The previously described ACT Facade could already be realized for new buildings and
refurbishment projects.

Besides the in-situ testing also simulations and calculations have been performed. These also
confirm the effect of the ACT Facade as a fully working sun-shading generating a variable g-value,
enabling summer heat protection and lowering the indoor temperature as well as cooling loads.

The first project of this kind is the extension of Festo Headquarter Campus in Esslingen, Germany
(see Fig. 66). Realizing a 60 m high-rise meeting its companies thrive for innovation. Showcasing
the efficiency and at the same time little installation effort of the Active Cavity Transition Facade
as unitized façade system. Festo AutomationCenter been finished in 2015 is now in operation
for over three years never exceeding 26 °C room temperature. Feedback from users, owner and
HVAC planers, who also put the building into operation and monitor it up to now confirms the proper
functioning of the system (Denz et al. 2016). This being underlined by DGNB platinum certificate for
Festo AutomationCenter (DGNB 2017).

For example calculation with WinSLT software of the ACT Facade system results into a g-value
of 0,16 whereas the same set-up as standard system without the air exhaust through the corridor
only has a g-value of 0,32 (see Fig. 5). As façade buildup a triple glazing with solar control coating
and the same screen as used for the Twin-Room testing was put into WinSLT. Only difference in
calculation set-up is for ACT Facade extracting the air from the corridor between glass and screen
to the exterior (see Fig. 5 a)) while for the customary interior blind letting the air from the corridor
flow to the interior (see Fig. 5 b)) thus resulting in a higher total energy transmittance.
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Buildings realized and in planning

But the ACT Facade is also an appropriate solution for retrofitting. As seen at Eurotower (see Fig.
7), former European Central Bank Headquarter in Frankfurt, Germany. Only the interior shading
system had to be exchanged and the air exhaust ducts extended to reach an up-to-date façade
system as ACT Facade.
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Products and Materials
Fig. 6 Festo AutomationCenter, Esslingen (© Festo AG)

Given the state-of-the-art façade components required for ACT façade implementation several
limitations have to be considered. First a glazing with solar control coating has to be used while for
certain external sun-shading systems thermal insulation glazing is sufficient. Main boundaries by
the ACT Facade arise from the textile screen and its role for the efficiency of the all-over system.
Respecting relevant façade properties as described by (Knaack et al. 2014) requirements to
maximize view (through screen), minimize glare, maximize daylight autonomy and minimize heat
gain into the office space while maximizing heat gain from corridor for following thermal energy
exploitation counteract easily (see Fig. 10).

Fig. 7 Eurotower, Frankfurt (© Epizentrum)

Besides the above mentioned built projects further construction projects featuring the ACT Façade
in Germany and worldwide are under planning. Such as the Ardex Tower, with inclined façade
units and two-layered screen system enabling different transmission and view properties (see Fig.
88), and the Continental Headquarter, as first low-rise building with an ACT Facade, due to more
consistent façade design and lower operation and maintenance costs compared to an external sunshading (see Fig. 9).

Fig. 10 ACT Façade optimization for building implementation

Optimization of the above mentioned topics directly correlate with the screen properties such as
openness factor, transmission, reflection and absorption, color, technical coatings, fire resistance
etc. and therefore limiting the selection of available textiles feasible for ACT Facade.

7

Conclusion and Outlook
Undertaken measuring and simulation plus realized and operating buildings show that the Active
Cavity Transition Façade is capable of creating high values of comfort and energy efficiency
meeting the demand of future building envelopes (Loonen et al. 2013). In addition the system
is cost efficient in investment due to the usage of state-of- the-art components, therefore also
executable by various façade contractors, and in operation, due to energy and operation
efficiency but also due to gain of maximized rentable area compared to e.g. Double-Skin-Facades
(Priedemann 2016).

Fig. 8 Ardex Tower (© Ardex GmbH)

6

Fig. 9 Continental Headquarter (© HENN GmbH)

Current application boundaries
As mentioned under 4. the complexity of ACT Facade lies within the planning and interaction of
components to fulfill current façade and energy requirements as well as individual project goals for
performance and design. Therefore an intensive collaboration of architect, façade planer, building
climate planer, building service planer, façade product providers and client is crucial (Betti et al.
2018).
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But as every façade system ACT Facade request certain compromises linked to detailing such
as guiding for the screen (see 2.), to screen choice (see 6.) and others arising from individual
architectural designs and construction projects.
Therefore Priedemann Facade-Lab and various partners from research, planning and industry
conduct further research to optimize and / or newly develop textiles for the screen (Denz 2015),
investigate possible usage of different screen guidance, various combination of overflow and
through the screen and also considering ACT Facade planning guidelines and simulation tools up
to holistic concepts for usage of the gained solar thermal energy within building services (Maurer
2013).
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Restricted disclosure
Part of the above mentioned engineering, simulation and testing is property of building clients,
planning partners and / or relevant to currently ongoing construction projects and therefore
unfortunately can’t be disclosed in this paper. However the authors will try to explain further findings
within the speech as possible and gladly respond to questions brought forward at the conference
and thereafter.
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Biological strategies for adaptive building
envelopes
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Buildings account for a significant part of the total energy consumption in developed countries. As
interfaces between the indoor and outdoor environment, building envelopes play a major role in
the energy efficiency of the building. They must be multi-functional and adaptive through days and
seasons to achieve multi-regulation. Shaped by environmental pressures, biological organisms
have developed sophisticated adaptations, specifically through their interfaces called integuments.
Teguments of living organisms, as diverse as skin, hairs, cuticles, etc can manage the same
environmental factors as building envelopes. Their thermal, acoustic, light, humidity and air regulation
capacities can be quantified using physical parameters such as hygrometry, thermal conductivity,
porosity, compacity, etc. This paper presents a biomimetic approach through the study of existing
bio-inspired building envelopes in the light of multi-regulation, then a draft analysis of integumentary
systems to facilitate the generation of design concepts to enhance the development of efficient building
envelopes.

Keywords: biomimetics, building envelope, adaptation, integumentary systems, multi-regulation,
environmental factors

1

Introduction
1.1.

Conventional building envelope

The building envelope represents an interface between the exterior environmental factors and the
interior demands of the occupants (Fernández, Rubio, & González, 2013). The envelope comprises
building elements in interaction with the external environment such as the basement, walls and
roof. Each type of interface has many different constraints to manage at once such as temperature,
humidity, noise, light, air speed and quality. These five fundamentals environmental factors – air,
light, water, noise, heat – have significant influence on the occupant comfort, building needs and
impact on global energy consumption (Badarnah, 2012). Unlike climatic characteristics, most of
the conventional solutions for building envelopes provide static design solution. These essentially
static systems should be replaced by more reactive systems in order to guarantee a better level of
energetic performance. (Yannas, 2011)
1.2.

Biological interface: integumentary systems

Shaped by environmental pressures, biological organisms are well adapted to their living
environment. Their survivals heavily depend on adaptation to their environment. They can adapt
their morphology, behaviour and physiology at the scale of the day and seasons to maintain
their internal environment in a stable state. This regulation process is called homeostasis. Many
factors and biological regulation systems are involved to maintain homeostasis of the organism,
specifically, at their interfaces the so-called integuments. It comprises the skin and its appendages
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1.3.

Research project

In this research project, we investigate the application of the biomimetics approach on the
development of building envelopes for multi-regulation. We first analyse the existing bio-inspired
and adaptive building envelopes from a multi-regulation standpoint. Secondly, we identify the
physical parameters that the building envelope must regulate. These parameters guide the
identification of the main families of biological interfaces. Thirdly, we sort biological interfaces
according to their performance with a systemic and multi-regulation analysis. Gathered information
will be sorted in a data base adapted to building designers and architects’ needs.
This research is undertaken with different partners with complementary field of expertise. The
laboratory MECADEV of the National Museum of Natural History of Paris, specialist in adaptation
mechanisms of living organisms, is a key player on the selection and analysis of the integumentary
systems. The CEEBIOS – European Centre in biomimetics – brings an expert knowledge of the
concrete needs of building designers providing and developing support for the integration of
biomimetics in architecture. The international cement company VICAT supports the research with
feedback on the development of the research as a cement manufacturer for building construction.
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such as hair, scales, feathers, hooves, nails, horn, and horns. They have different functions such
as protecting the deeper tissues, evacuating wastes, thermal regulation, detecting climate change
to adjust body regulation, etc. Therefore, they are rich in properties and can control humidity,
temperature, brightness, mechanical strength, climate change detection (Badarnah, 2017)
(McCafferty, Pandraud, Gilles, Fabra-Puchol, & Henry, 2017).

Biomimetics bring a significant and disruptive evolution from these previous movements in terms
of methods and sustainability goals (CEEBIOS, 2016). Biomimetics is defined as the transfer of
scientific knowledge and principles of living strategies to development of innovative and sustainable
design (Benyus, 2002). This approach has a strong potential to both develop new disruptive
models, and integrate sustainability. (Fayemi et al., 2017) (ISO 18458, 2015). In architecture,
explorations have been carried out at the scale of cities, buildings, envelopes and materials.
In each case, biomimetics could help to tackle various challenges such as water, light, noise,
temperature and air regulation, structures lightening, energy efficiency, flow optimization, etc.
(Pawlyn, 2011) (Chayaamor-Heil, 2018).
2.2.

Existing bio-inspired envelopes

The development of biomimetic building envelopes has gained increasing interests among
researchers in recent years. As an interface between the indoor and outdoor environment, they
account for a significant part of the total energy consumption of the building. They must be
multi-functional and adaptive through days and seasons to achieve multi-regulation. Biomimetic
envelopes have already been built and their performances and design processes have been welldocumented (Al-Obaidi, 2017). This is the case of the Eastgate Building in Zimbabwe, the Council
House 2 in Melbourne, the Yoesu Pavilion in South Korea, the fine art Museum of Tainan, the
HygroSkin Pavilion and more generally the research work at ITKE in Germany.
The Eastgate Centre is a shopping center and office block in central Harare, Zimbabwe conceived
by architect Mick Pearce. The building is almost entirely self-cooled and ventilated by natural
means. The ventilation and thermoregulation systems are inspired by the ventilation system of
termites’ mounds and cactus’ geometry for thermal management. (Turner & Soar, 2008).
In the same vein, the CH2 - Council House 2 – is an administrative building in Melbourne, Australia
designed by DesignInc in partnership with architect Mick Pearce. It was the first building in Australia
to achieve the highest rating of six stars in Australia’s Green Star environmental accreditation. The
building emulates some nature principles for energy efficiency, thermal regulation, water and light
management. (Rayner, Raynor, & Williams, 2010)
The Flectofin® developed by ITKE, is a hinge-less louver system that can shift its fin 90 degrees
by inducing bending stresses in the spine caused by displacement of a support or change of
temperature in the lamina. The system is inspired by the valvular pollination mechanism in the
Strelitzia reginae flower, known as the Bird-Of-Paradise. The system has been used for the
envelope of the pavilion One Ocean Thematic Pavilion for Yeosu Expo in 2012 (Knippers & Speck,
2012)

Fig. 1 Common physical parameters regulated by integumentary systems and building envelopes.
Diagram adapted from (Badarnah 2012).

2

Bio-inspired envelopes: towards multi-regulation
2.1.

Biomimetics in architecture

Applying observations made in nature to architecture has always been done by architects. Many
movements in the history of architecture found inspiration in nature such as organic, bioclimatic,
biomorphic or vernacular architecture. All of them refer to a biological paradigm (Gruber, 2011).
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In the same field, the research group ITKE developed a prototype of responsive envelope. Based
on the physical properties of wood and it instability to humidity, the research team developed the
HygroSkin Pavilion. This meteorosensitive envelope can autonomously open and close in response
to humidity variations. (Correa, Krieg, Menges, & Reichert, 2013)
Sierpinski Forest is a sun roof made of Sierpinski Tetrahedrons. Inspired by fractal geometry of
trees, the roof has the same fractal dimension which allows to entirely shade the roof at 1:00 PM in
the summer. The arrangement, size and shape of tetrahedrons prevent the building and roof from
overheating. (Sakai, 2016).
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c)

Based on the work of (Badarnah 2012, 2017), the regulation needs that the envelope must achieve
are sorted in five categories: light, heat, noise, water, air. Existing biomimetic projects are analysed
using these five categories to provide an overall analysis of the implementation of biomimetics.
Results are summarized in Table 1. The symbol “+” corresponds to a bio-inspired regulation
process through the envelope. The symbol “-” means that the regulation is achieved without any
bio-inspired system.
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		 a)			
b)				
Fig. 2 Existing biomimetic envelopes, a) Sierpinski Forest b) Yoesu pavilion c) the Eastgate Centre.
Courtesy of Satoshi Sakai, ITKE and Mick Pearce.

climate-control infrastructure (J. S. Turner, 1994). This type of mound regulates three environmental
factors “Air”, “Light” and “Water”. They correspond to rate 3 because their regulations have a
high impact on the colony’s survival. “Water” and “Air” affect fungi growing and hence directly,
termites’ feeding. Light impacts termites’ metabolism: they avoid sun exposition by building mounds
and galleries. The factor “Thermal” is not regulated through the mound. The temperature of the
mound tracks the temperature of the soil according to seasons. In fact, thermal variations do not
affect termites’ metabolisms (Ocko et al., 2017). “Noise” is not regulated by termites. The same
method was used for the cactus where all the environmental factors – except “Noise” - are highly
regulated for the survival of the organism. The Eastgate Centre regulates two environmental factors
emulating the air regulation system of termites’ mounds and the thermal regulation achieved by
cactus’ geometry.

This table shows that most of the existing biomimetic envelopes regulate one to two environmental
factors at one using bio-inspiration. Regulated environmental factors are often interrelated such
as the combination of heat and air regulation. None of them have biomimetic systems for noise
management. This analysis highlights the need of development of a method for a systemic
biomimetic design for multi-regulation.

		 a)			
b)				
c)
Fig. 3 Overall analysis of regulated environmental factors using web diagrams and Mick Pearce’s drawings
a) Cactus b) termites’ mounds, c) Eastgate Centre. Drawings: courtesy of Mick Pearce.

Table 1: Comparative analysis of bio-inspired envelopes for regulation of environmental factors

2.3.

Systemic analysis of bio-inspired envelopes

Table 1 and Figure 3 summarize in-depth analysis of each bio-inspired envelopes. They have
been analysed using the five environmental factors, then represented by the web diagrams. Each
one shows the level of regulation for each environmental factor. Biological models are analysed
based on a rating scale from one to three. Rate 3 corresponds to a high regulation for the factor
which is involved in the survival of the organisms. Rate 2 corresponds to a medium regulation
by the organism. The environmental factor is regulated by the organism, but little involved in its
survival. Rate 1 reflects that the environmental factor is not regulated by the organism. In this case,
the factor does not affect the survival of the organism. The green circles mean that the principle
observed in the biological model has been extracted by the architect then applied to the building.
In this paper, the analysis method is presented through the case study of the Eastgate Centre in
Zimbabwe. (Figure 2). The Eastgate centre is inspired by the ventilation system of termites’ mounds
and the thermal regulation of cactus’ geometry. Odontotermes transvaalensis is a subterrancan
macrotermitine common in the arid grasslands of South Africa. These termites feed on cellulose
which is extracted by fungi they eat. These fungi require constant moisture and oxygen renewal
to grow. The colony’s survival is highly dependant of fungi farming. Thus, the mound serves as a
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3

Integumentary systems
3.1.

Biological interfaces

Living envelopes are defined as interfaces between the external environment and inside the
organism. For plants and animals, they have different biological functions such as protection
of the deeper tissues, evacuating wastes (gas or solid matter), thermal regulation, detecting
climate change to adjust organism regulation, etc. Based on this definition, there are many types
of envelope in nature such as integumentary systems, animals’ architecture, wall of organs,
membranes, etc.
The closer the metabolic needs between humans and living organisms are, the more the functions
regulated by biological organisms will regulate the environmental factors as building envelopes. For
example, endotherms animals – commonly termed warm-blooded animals – regulate almost the
same environmental factors as human body because they have a close metabolism. Conversely,
the mound of the termites Odontotermes transvaalensis does not regulate the air temperature
inside the mound because temperature variation does not affect termite metabolism. Animals’
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3.2.

Integuments

The integumentary system comprises the skin and the appendages. The appendages include
hairs, scales, feathers, hoovers and nails. They are multi-functional and rich in properties. They
can address multiple environmental aspects simultaneously through day and season. Each type of
appendage regulates the same environmental factors but, with a different degree of performance.
For example, feathers and furs of birds under tropical climates have different thermal conductivity
compared to birds living in polar environments.
To fill the lack of transversal vision on integuments and their performance, this research will gather
several types of biological data. They will be sorted in a data base in three categories: physical
quantification of the performances of the integuments (thermal conductivity, temperature, thermal
resistance, light absorption etc), type of climates (humidity, temperature, rainfall precipitation, etc)
and type of metabolism (ectotherms, endotherms, etc). Combining collected data, the data base
will offer an overview of multi-regulation strategies according to the type of integuments and their
performance, climate and metabolism of the organisms. This structured view of biological data
will help a rational choice of the adapted biological model for the development of multi-functional
building envelopes.

Fig. 4 Diversity of integumentary systems, a) scale of snake, b) fur of coyote c) feather of bird. Free of copyrights pictures.

4

Conclusion
This research project focuses on the development of biomimetic envelopes studying living
interfaces and quantifying their properties. Living interfaces have been chosen because of
the analogy with building envelopes. They also have close performances for the regulation of
environmental factors. The research project aim to provide a systemic analysis of living interfaces
based on the five environmental factors. It will help to select with a rational approach the adapted
biological model for the development of multi-functional building envelopes.
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architecture as diverse as nests, mounds, borrows etc also belong to the category of living
envelopes. External envelopes of organs such as wall of respiratory and digestive systems, plant
cuticle, etc belong to the category of living envelopes. The family of integumentary systems gathers
different type of teguments such as skin, hair, cuticle, scale, feather, etc. Research demonstrated,
that they are widely involved in regulation of environmental factors. For example, furs are well
known for thermal regulation, feather for thermal and water management, etc.

5
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Beyond gathering and sorting existing data, this research project will highlight the lack of biological
data in some fields. The results will encourage biologists to go further in biological data collection.
Rather than focusing on one model for the development of biomimetic projects, the data basis will
offer a wide overview of the potential living interfaces to study.
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The façade is the key element in a building to control energy use and deliver comfort, while acting
as a filter between external conditions and internal requirements. A successful façade design should
be capable of adapting to changes in the external and internal environments and be multi-functional
to regulate multiple variables. However, while many adaptive façades have been developed, most
adapt to only a single variable, with few dealing with multi-functionality. Nature offers an array of
organisms with adaptations allowing them to survive under multiple environmental stresses. However,
the identification and translation of these multi-functional adaptations in nature to an adaptive building
façade remain a challenge.
This research aims to develop a framework for designing multi-functional biomimetic adaptive façades.
The framework comprises of: (1) the identification of boundary conditions for a climate and building
typology; (2) selection and mapping of multi-functional dynamic and static processes of organisms;
and (3) design generation for multi-functional biomimetic adaptive façades. The mapping of organisms
classifies a number of multi-functional adaptations in nature and their adaptive functional features.
These include their morphological, physiological and behavioural properties, adaptation levels and
dynamic and kinetic processes responding various physical stimuli. This study then provides a
framework that others can follow in the creation of multi-functional biomimetic adaptive façade design.

Keywords: Biomimetics, adaptive building skins, multi-functionality, façade design, architecture

1

Introduction
Biomimetics is a biological approach to engineering, essentially the grasping of natural principles
to aid in the comprehension of technical questions, which can be solved by developing optimised
strategies (Pohl and Nachtigall, 2015; Lepora et al., 2013; Vincent et al., 2006). There are extensive
studies on nature-driven innovation in many subjects, especially architecture, where natural
sciences inspire the current frontier of research (Bar-Cohen, 2012; Gruber & Jeronimidis 2012;
Gruber 2011). Recently, many architects and researchers have integrated biomimetics in their
work (Hays and Miller, 2008), which have included, for example, sustainable design strategies and
innovative envelope solutions (Jeronimidis & Atkins 1995; Gruber & Gosztonyi 2010; Badarnah
2017; Pawlyn 2011; Mazzoleni 2013; Kapsali 2016).
Designing façades using biomimetics is, in particular, a field gaining interest. However, most
existing designs focus on the regulation of a single environmental factor, often solar radiation,
limiting applications to mono-functionality. There is a need for further development in the area of
multi-functional façade systems inspired by nature, that control multiple environmental variables
simultaneously. This paper presents a new approach for the development of multi-functional
adaptive façades. To achieve this, a new basis for the classification of natural mechanisms
controlling multiple environmental factors has been developed.
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Biomimetic adaptive building skins
The elimination of load-bearing walls has led to the creation of the ‘building skin’ as its primary
enclosure (Tietz, 1999; Del Grosso and Basso, 2010). Its functions include managing daylight,
ventilation, energy conservation, and thermal inertia (Del Grosso & Basso, 2010; Schittich 2001).
A related technology is adaptive building skins (ABS) which can be described as a façade with
the capability to change its functions, features or behaviour in response to variant performance
requirements and boundary conditions to improve building performance (Loonen et al., 2015).
There are also a number of concepts defined similarily, and include ‘Climate Adaptive Building
Shells’ (CABS), ‘Kinetic Architecture’, ‘Variable Geometry Structures’ (VGSs) and ‘Climate Adaptive
Skins’ (CAS) (Del Grosso & Basso, 2010; Fiorito et al., 2016; Loonen et al., 2015, Addington and
Schodek, 2005; Hasselaar, 2006).
Biomimetic adaptive buildings skins (Bio-ABS) implies a type of adaptive façade in which a
biomimetic approach is used for design generation. Both organisms and buildings withstand
environmental stresses. Organisms survive with adaptations controlling various environmental
factors simultaneously, by having multiple functions at different levels. Similarly, adaptive façades
aim to adapt a building`s thermal and morphological properties to changing climatic conditions.
Therefore, implementing biomimetics to adaptive façades shows great potential for achieving high
performance façade designs.

Strategies for Design

2

Fig. 2 Regulated environmental factor according to the number of functions of applications

This paper suggests that the under-development of multi-functional systems is a result of the lack
of: (1) clarity in terms of multi-functionality in nature from a designer`s perspective, (2) expression
of how a system is considered multi-functional, (3) a method for the development of multi-functional
systems. Many biomimetic design frameworks are either ‘top-down’, ‘bottom-up’ or a combination of
the two (Al-Obaidi et al., 2017). Top-down approaches start with identifying a technical problem. On
the contrary, bottom-up approaches first explore organisms in a broader context, and then exploring
their potential in building design (Biomimicry 3.8, 2010). Some of these top-down approaches
are used for façade design. Vincent et al. (2006) introduced BioTRIZ as a systematic technology
transfer from biology to engineering using TRIZ (translated as Theory of Inventive Problem Solving)
that has been applied and further developed by researchers for façades (Sheta 2010; Craig et al.
2008). Mazzoleni focused on the skins of organisms for the design of building systems (Mazzoleni
2013). Badarnah and Kadri created a systematic methodology for the generation of biomimetic
design concepts called BioGEN identifying successful biological adaptations in a categorical
database (Badarnah & Kadri, 2014). Gruber et al. developed the concept `Biornametics` defining
the transfer of multi-functional nanostructured patterns from nature into surface materials in
architectural design (Gebeshuber et al., 2015). Lopez et al. presented biomimetic principles derived
from micro and macro adaptations of plants for the design of adaptive architectural envelopes
(Lopez et al., 2017).

A comprehensive review of existing biomimetic adaptive façades developed over the last decade
in both academia and industry is presented in Figure 1 (various sources, including Lienhard et al.,
2011; Wiscombe 2012). The design stages of the applications and the number of environmental
factors they control are given identifying the amount of multi and monofunctional systems. The
graph suggests that multi-functional applications are under-developed with a ratio of less than 30%.
Existing designs aim to regulate the environmental factors of heat, light, air, water and energy,
meaning they control solar gains, ventilation, daylight and humidity levels. Light management is
comprehensively developed, typically managing solar gains designed as shading systems that
adapt to sunpath (Fig. 2) (Suralkar 2011; Grobman 2013; Schleicher 2016; Pesenti et al. 2015;
Decker and Yeadon 2010; Schinegger et al. 2012;).

The existing problem-based biomimetic approaches often result in the creation of mono-functional
façade systems due to two reasons: (1) focusing on one technical problem only to simplify
the process for investigating biological models; (2) not exploring organisms` multi-functional
mechanisms in a way that designers and engineers can make use of them (Knippers and Speck,
2012).

3

Fig. 1 The status and number of multi and monofunctional biomimetic façade applications developed in academia and industry
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Developing a new framework for designing multifunctional biomimetic adaptive façades
The framework consists three steps: (1) definition of boundary conditions as functional
requirements, (2) selection and mapping of corresponding multi-functional biological models, and
(3) design generation for multi-functional biomimetic adaptive façades (Fig. 3). The boundary
conditions define technical problems, and biological models present design inspiration, followed by
the creation of a multi-functional biomimetic adaptive façade. The framework is an iterative design
process until the most promising result is achieved by returning back to the second step of selecting
a biological model. Environmental performance analyses are conducted for each option, followed
by a performance comparison amongst the results to identify the most promising one.
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3.1. Step 1: Definition of boundary conditions
The framework starts with the definition of boundary conditions as a design input aiming to provide
a context for the climate and building. The boundary conditions involve climate, location, building
typology, architectural design, local building regulations and ventilation type of the building.
The climate and location define the environmental conditions of a scenario. The typology will
define occupants` activity patterns and internal gains. The architectural design and local building
regulations define more specific input of the features at the building scale. The ventilation type of
the building defines the parameters and goals for building performance analysis.
3.2. Step 2: Mapping multi-functional biological mechanisms
An extensive number of dynamic and static patterns of organisms have been mapped to develop
a database for transferring multi-functionality in nature into façade design. This growing database
aims at investigating and delivering biological adaptations for the development of Bio-ABS. A
schematic representation of the process for biological model selection is presented in Fig. 4. The
decision-making process is comprised of the environmental factors and their controls to identify the
functional requirements in a simplified manner and find organisms with corresponding properties.
To select the biological model, an extensive database of adaptations in nature is mapped. The map
consists of organisms and their multi-functional mechanisms for regulating multiple environmental
factors (Fig 5). The mechanisms are categorised into three sections: (1) multi-functionality, (2)
adaptability, and (3) performance. Multi-functionality gives the mechanism`s biological organisation
level, responding environmental factor and stimulus. Adaptability identifies the type, level and
pattern of the mechanism. Performance presents the biological mechanism, its functional strategy
in detail and a measured variable to quantitatively define the system.

Fig. 4 Process for selecting multi-functional biological models from the database
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Fig. 3 A new framework for designing multi-functional biomimetic adaptive façades

Fig. 5 Layers of mapping multi-functional biological models

Layer (1) Multi-functionality
The multi-functionality level of biological models gives the regulated environmental factor, its
control, the stimulus triggering the mechanism and the biological organisation level within which
it is situated. All adaptations aim at regulating environmental factors and they are developed in
response to physical or chemical stimuli. A physical stimulus refers to an environmental trigger such
as a change in temperature, light intensity, water content, oxygen level and sensitivity to abiotic
stresses. A chemical response refers to an internal physiological feature such as a change in pH
level. These triggers are further explored as reactive environmental factors. The environmental
factors are categorised as light, air, heat, water and energy. There are several control aspects
identified that represent the functions organisms developed to regulate these environmental factors.
These functions are to gain, lose, maintain, exchange and filter. Gain identifies an increase; loose
identifies a decrease while maintain identifies a stabilisation of an environmental factor. Exchange
defines a diffusion, effusion or transfer. Filter defines an extraction of a matter from another
substance. The functions together with the environmental factors they control are the pillars of the
decision-making process. A cross combination of environmental factors and controls generate the
investigation and selection of a solution from nature using the map.
For example, the barrel cactus (Echinocactus grusonii) survives in a hot and arid desert climate
and has developed mechanisms to help adapt to its environment (Fig 6). Three include the swell
and shrink movement of the cortex (plant stem), self-shading properties of areoles and spines
(some morphological features); and microscopic openings of stomata (permeable cells) (Fig 7).
The cortex is an organ maintaining water content by gaining water and swelling for conservation
purposes. The swell and shrink movement of the cactus is stimulated by physical factors such as
water content, heat gain and light exposure. With the help of the cortex morphology, the barrel
cactus decreases its surface temperature by substantial amounts. It also creates shaded areas
to cool itself down by managing light intensity. The areoles and spines are specialised tissues on
the outer surface of the barrel cactus` cortex that help self-shading to lose light and heat through
their morphology, triggered by physical environmental factors. The stomata are cells exchanging
heat, gas and light through permeable pore structures located on the external epidermal layer of
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the stem tissue. They are composed of guard cells in charge of the opening and closing movement
of the stoma. Stomatal movement is activated by chemical stimuli such as the internal changes of
the plant. These are oxygen and carbon dioxide levels in the cells needed for photosynthesis which
is an energy generating feature of plants. The barrel cactus has not only advanced mechanisms
that regulate multiple environmental factors at a time, but also developed multi-layered structures
devoted to various functional requirements present in the same composition.

Layer (2) Adaptability
Biological models adapt to tolerate the environmental changes in their natural habitats. These
adaptations are categorised in three types as morphological, physiological and behavioural.
Morphological adaptations relate to a form, structure or texture; physiological adaptations refer to
a characteristic (trait) or chemical response; behavioural adaptations refer to a kinetic response
to a stimulus. The types of adaptations are categorised as adaptation levels referring to these
characteristics. Each biological mechanism is identified as dynamic and static processes. Dynamic
processes refer to the presence of a change or a movement while static processes refer to
functional nanostructures and surface segmentation trends.
The biological mechanisms of the barrel cactus are mapped as an example. The swell and shrink
movement of the cortex is identified as a dynamic process that serves a high surface to volume
ratio supporting heat loss and maintaining water content at a constant rate. The cortex movement
is a morphological adaptation at the level of the form of the cactus. The outer surface structure of
ribs generates the required form for the cortex movement. Ribs are vertical stem structures of the
barrel cactus giving it its well-known shape. They remain consistent in quantity during expansion
and contraction while the depth and distance between the ribs change. The areoles and spines
are structures on top of the ribs. Areoles are unique structures bearing spines. Areoles and spines
together create a textured morphology as a static process regulating heat and light by self-shading.
They also create a microclimate by improving airflow close to stem surface. Microscopic stomatal
openings are dynamic features of plants on the stem`s epidermis layer exchanging air, heat
and light as a chemical response to the requirements for photosynthesis to take place. They are
physiological adaptations resulting from chemical internal processes.
Layer (3) Performance

FACADE 2018 – Final Conference of COST Action TU1403 “Adaptive facades network”

Fig. 6 Mapping of the barrel cactus (Echinocactus grusonii) and the sensitive plant (Mimosa pudica)

The performance of organisms is explored to identify their multi-functional mechanisms, functional
strategies and measured variables. Change may present as an opening ratio in percentage; a
reflectance value for light in microns or percentage; relative humidity level in % RH or an increase/
decrease of temperature in °C. These values present a complete understanding of how and how
much the biological mechanisms perform, therefore the potential of their translation into design.
The barrel cactus controls various environmental factors with multiple mechanisms. It manages
heat, light and water through the morphology of its ribs structure. It maintains a high surface-tovolume ratio to lose heat and cool down. The expansion of the surface area can be up to 54%. The
cactus cools down its stem surface with the presence of its spines and ribs. The average hourly
temperature of the stem surface is 16°C less in summer and 6°C less in winter with spines and
ribs compared to not having these structures. The ribs, spines and areoles together decrease the
average hourly surface temperature by 5°C for a summer day and 0.2°C for a winter day (Lewis
and Nobel 1977). In order not to lose so much of its water content to conserve water in the hot and
dry desert climate, it possesses fewer stomata that other plants, with between 15 to 70 stomata per
square millimetre on its epidermis.
3.3. Stage 3: Design generation of multi-functional biomimetic adaptive façades

a)

b)

c)

Fig. 7 The barrelFig.
cactus
(Echinocactus
grusonii) a) swollen,
b)a)shrinking;
and
c) shading
andareoles
spinesand
(Source:
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barrel cactus (Echinocactus
grusonii)
swollen, b)
shrinking;
andareoles
c) shading
spines New York
Botanical Garden)
(Source: New York Botanical Garden)
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Layer (2) Adaptability
Biological models adapt to tolerate the environmental changes in their natural habitats. These adaptations are
categorised in three types as morphological, physiological and behavioural. Morphological adaptations relate to a
form, structure or texture; physiological adaptations refer to a characteristic (trait) or chemical response; behavioural
adaptations refer to a kinetic response to a stimulus. The types of adaptations are categorised as adaptation levels
referring to these characteristics. Each biological mechanism is identified as dynamic and static processes. Dynamic
processes refer to the presence of a change or a movement while static processes refer to functional nanostructures

Two of the reasons for failure in transferring natural processes into a design are identified by
Gruber as mistaken ideas due to superficial research and lack of information from life sciences
available or accessible (Gruber, 2008). This failure applies to both finding organisms for biological
inspiration and abstracting the principles as a strategy. The key is to simplify the functional
requirements and identify the biological adaptations. The proposed framework investigates
corresponding biological mechanisms that can be translated into adaptive façade designs. It uses
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Conclusion
This research collated and classified 41 academic and industrial applications of biomimetic adaptive
façades developed in the last decade. This demonstrated thatmono-functional façades are the most
common outcomes of existing biomimetic approaches. These façade applications are commonly
shape morphing shading devices. It is suggested that this is a result of a lack of clarification of
multi-functionality in nature from non-biologists` perspectives, while few existing approaches allow
defining multiple technical problems as input. Therefore, this paper has presented a new framework
for the development of biomimetic adaptive façades with a focus on multi-functionality.
The proposed framework is comprised of three steps: (1) definition of boundary conditions, (2)
selection and mapping of biological models, and (3) design generation of biomimetic façades.
The framework suggests that an extensive investigation and mapping of multi-functionality in
biological adaptations is the key to achieving multi-functionality in biomimetic adaptive façades.
The adaptability and performance of the biological models already suggests the way to generate
individually controlled mechanisms regulating different parameters. Natural adaptations in
accordance to their biological composition as hierarchical and multi-functional structures are
mapped as a result of an extensive survey of organisms. It is found that various functional
requirements take place in living systems at different levels of the same biological structure. The
hierarchy and multi-functionality of biological composites is highly promising to be transferred to
the design generation of multi-functional biomimetic adaptive façades. This is demonstrated in the
second paper of this research entitled `Multi-functional biomimetic adaptive façades A case study`
(also as part of FAÇADE 2018 Final Conference of COST TU4103 “Adaptive Façades Network”) .

5

Acknowledgement
The authors would like to acknowledge financial support from Wightman Bequest School of
Architecture and Design Scholarship and Postgraduate Research Student Support funded by the
Faculty of Built Environment at UNSW Sydney.

6

References
Addington, M. and Schodek, D. (2005). Smart Materials and New Technologies – For Architecture and Design Professions.
Al-Obaidi, K. M., Azzam Ismail, M., Hussein, H., & Abdul Rahman, A. M. (2017). Biomimetic building skins: An adaptive approach. Renewable and Sustainable Energy Reviews, 79(April), 1472–1491. https://doi.org/10.1016/j.rser.2017.05.028
Badarnah, L. (2017). Form Follows Environment: Biomimetic Approaches to Building Envelope Design for Environmental Adaptation. Buildings, 7(2), 40. https://doi.org/10.3390/buildings7020040

238

Strategies for Design

a simple terminology to describe the biological features guiding the designer to select the most
promising biological mechanism, detailed explanation for the comprehension of its identification and
performance.
Mapping multi-functional biological models simplifies the process of creating a system with multiple
functions. Biological organisation levels of each mechanism show how multiple strategies are
situated in one system. This can be achieved by scaling the façade system in macro-to-nano. In
other words, biological organisation levels can be translated at a façade system scale, component
scale or material scale. Adaptation types help forming the layers where the adaptive feature takes
place. Morphological and behavioural adaptations can take place at any scale while physiological
adaptations are likely to take place at smaller scales. Adaptation levels show how the adaptive
feature work in conjunction with biological organisation levels. For instance, a morphological
feature of a leaf texture is in the level of a tissue. Therefore, it is likely to be translated as a surface
structure at a micro level.

Badarnah, L., & Kadri, U. (2014). A methodology for the generation of biomimetic design concepts. Architectural Science Review, 8628(January), 1–14. https://doi.org/10.1080/00038628.2014.922458
Bar-Cohen, Y. (2012). Biomimetics: Nature-Based Innovation. CRC Press Taylor and Francis Group.
Biomimicry 3.3. (2010). Biomimicry Institute. http//biomimicry.net/ Accessed on 09/05/2018.
Craig, S., Harrison, D. and Cripps, A. (2008). Two new environmental building technologies, one new design method: infrared
transparent insulation, biodegradable concrete formwork and BioTRIZ. In Proceedings of the Conference for the Engineering Doctorate in Environmental Technology, University of Surrey, UK.
Decker, M. and Yeadon, P. (2010). Projects Smart Screen: Versions I, II and III.
Del Grosso, a E., & Basso, P. (2010). Adaptive building skin structures. Smart Materials and Structures, 19(12), 124011. https://
doi.org/10.1088/0964-1726/19/12/124011
Dunlop, J. W. C., & Fratzl, P. (2010). Biological Composites. Annual Review of Materials Research, 40(1), 1–24. https://doi.
org/10.1146/annurev-matsci-070909-104421
Fiorito, F., Sauchelli, M., Arroyo, D., Pesenti, M., Imperadori, M., Masera, G., & Ranzi, G. (2016). Shape morphing solar shadings: A review. Renewable and Sustainable Energy Reviews, 55(April), 863–884. https://doi.org/10.1016/j.rser.2015.10.086
Gebeshuber, I. C., Gruber, P., Imhof, B., & Architecture, T. (2015). Biornametics : Architecture Defined by Natural Patterns. In
Encyclopedia of Nanotechnology (pp. 1–17). https://doi.org/10.1007/978-94-007-6178-0
Grobman, Y. J. (2013). Cellular Building Envelopes. ICoRD’13, 951–963.
Gruber, P. (2008). Transfer of Nature to Architecture - Analysis of Case Studies.
Gruber, P. (2011). Biomimetics in architecture: architecture of life and buildings. Biomimetics--Materials, Structures and Processes, 245. https://doi.org/10.1007/978-3-7091-0332-6
Gruber, P., & Gosztonyi, S. (2010). Skin in architecture: Towards bioinspired facades. WIT Transactions on Ecology and the
Environment, 138, 503–513. https://doi.org/10.2495/DN100451
Gruber, P., & Jeronimidis, G. (2012). Has biomimetics arrived in architecture? Bioinspiration & Biomimetics, 7(1), 010201.
https://doi.org/10.1088/1748-3182/7/1/010201
Hasselaar, B. L. H. (2006). Climate Adaptive Skins: TOwards the new energy efficient façade. WIT Transactions on Ecology and
the Environment, 99: 351-60.
Hays, K. M. and Miller, D. (2008). Buckminster Fuller - Starting with the Universe. New York, Whitney Museum of American Arts
and Yale University Press.
Jeronimidis, G., & Atkins, a G. (1995). Mechanics of biological materials and structures: Nature’s lessons for the engineer. Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 209(4), 221–235.
https://doi.org/10.1243/PIME
Kapsali, V. (2016). Biomimetics for Designers. Thames and Hudson, London.
Knippers, J., & Speck, T. (2012). Design and construction principles in nature and architecture. Bioinspir. Biomim. BIOINSPIRATION & BIOMIMETICS Bioinspir. Biomim, 7(7), 15002–10. https://doi.org/10.1088/1748-3182/7/1/015002
Lepora, N., Verschure, P., & Prescott, T. (2013). The state of the art in biomimetics. Bioinspiration & Biomimetics, 8, 1–11.
https://doi.org/10.3905/jpm.1974.408489
Lienhard, J., Schleicher, S., Poppinga, S., Masselter, T., Milwich, M., Speck, T., & Knippers, J. (2011). Flectofin: a hingeless flapping mechanism inspired by nature. Bioinspiration & Biomimetics, 6(4), 045001. https://doi.org/10.1088/17483182/6/4/045001
Loonen, R. C. G. M., Rico-Martinez, J. M., Favoino, F., Brzezicki, M., Menezo, C., La Ferla, G., & Aelenei, L. (2015). Design for
façade adaptability – Towards a unified and systematic characterisation. Proceedings of the 10th Conference on Advanced
Building Skins, (November), 1284–1294.
López, M., Rubio, R., Martín, S., & Ben Croxford. (2017). How plants inspire façades. From plants to architecture: Biomimetic principles for the development of adaptive architectural envelopes. Renewable and Sustainable Energy Reviews, 67,
692–703. https://doi.org/10.1016/j.rser.2016.09.018
Mazzoleni, I. (2013). Architecture Follows Nature. Biomimetics Series, Taylor and Francis Group Publishing, California.
Pawlyn, M. (2011). Biomimicry in Architecture. London, RIBA Publishing.
Pesenti, M., Masera, G., Fiorito, F., & Sauchelli, M. (2015). Kinetic Solar Skin: A Responsive Folding Technique. Energy Procedia, 70, 661–672. https://doi.org/10.1016/j.egypro.2015.02.174
Pohl, G. and Nachtigall, W. (2015). Biomimetics for Architecture and Design. Springer International Publishing, Switzerland.
Schleicher, S. (2016). Bio-inspired compliant mechanisms for architectural design: transferring bending and folding principles of
plant leaves to flexible kinetic structures. University of Stuttgart.
Schinegger, K., Rutzinger, S., Oberascher, M. and Weber, G. (2012). One Ocean: Theme Pavilion EXPO 2012. Yeosu, Residenz Verlag.
Speck, T., Harder, D. L., Milwich, M., Speck, O. and Stegmaier, T. (2006). Bionik: Die Nature als Innovationsquelle fur Technische Textilien, edited by P. Knecht, 83-101. Technische Textilien, Frankfurt, Deutscher Fachverlag.
Suralkar, R. (2011). Solar Responsive Kinetic Facade Shading Systems inspired by plant movements in nature. … of Conference: People and Buildings Held at …, (September), 1–6. Retrieved from http://nceub.commoncense.info/uploads/
MC2011_MC69.pdf
Tietz, J. (1999). The Story and Architecture of the 20th Century. Konemann.
Vattam, S., Helms, M. and Goel, A. K. (2006). Biologically inspired innovation in engineering design: a cognitive study. Technical
report, Graphics, Environment.
Vincent, J. F. V., Bogatyreva, O. A., Bogatyrev, N. R., Bowyer, A., & Pahl, A.-K. (2006). Biomimetics: its practice and theory.
Journal of The Royal Society Interface, 3(9), 471–482. https://doi.org/10.1098/rsif.2006.0127
Vincent, J. F. Biomimetics: its practise and theory. Journal of the Royal Society, 3(April), 471–482. https://doi.org/10.1098/
rsif.2006.0127
Wiscombe, T. (2012). Beyond assemblies: system convergence and multi-materiality. Bioinspiration and Biomimetics, 7.015001.

239

Strategies for Design

Multi-functional biomimetic adaptive façades:
A case study
Aysu Kuru a, Francesco Fiorito a,b, Philip Oldfield a, Stephen P. Bonser c
a Faculty of Built Environment, University of New South Wales, Sydney, Australia
b Department of Civil, Environmental, Land, Building Engineering and Chemistry, Polytechnic University of Bari, Bari, Italy
c School of Biological, Earth and Environmental Sciences, University of New South Wales, Sydney, Australia

Adaptive façades can be described as being able to express changes in form and function, and these
changes are associated with desired aspects of building performance. Perhaps the best place to
search for innovations in adaptive façades is in nature, where every organism has evolved multiple
adaptations to survive in stressful environments. These strategies can be classified as dynamic or
static depending on how they are induced by environmental stimuli. Translating strategies that control
multiple parameters in biological organisms to the design of multi-functional biomimetic adaptive
façades shows great potential. Given this, the research here explores dynamic and static mechanisms
in nature to develop the design of a multi-functional biomimetic adaptive facade to improve thermal
comfort in naturally ventilated buildings. A specific case study is designed from the principles of the
morphological and physiological adaptations found in the barrel cactus (Echinocactus grusonii). These
include: the form of the cortex; the morphology of areoles and spines; and plant responses to stressful
conditions through opening and closing stomata. These adaptations are translated into a design of a
multi-functional biomimetic adaptive façade. An environmental analysis for the case study is conducted
with a defined performance target to improve thermal comfort in naturally ventilated school buildings.
Simulations demonstrate there is a 51.5% improvement in ‘ASHRAE55-2010 90% Acceptability Limits’,
and 67.5% in ‘80% Acceptability Limits’ when incorporating the multi-functional biomimetic façade,
as compared to traditional construction. The study demonstrates the performance potential of design
generation from mechanisms in nature in the development of multi-functional adaptable facades.

Keywords: Biomimetic adaptive facades, case study, multi-functional, architecture, design

1

Introduction
One of the primary aims of environmental design is to deliver comfort. Thermal comfort is related
to building performance and determines the well-being and productivity of occupants in different
environments (Health and Safety Executive 1999). Moreover, discomfort may bring health issues
due to low standards such as sick building syndrome (Environmental Protection Agency 2009).
Thermal comfort can be improved through the successful design of building envelope and systems
(Holmes and Hecker, 2007).
The façade is the barrier between the inside and outside of a building. Similar to the skin of
animals or epidermal tissue of stems, the building façade withstands fluctuating climatic conditions.
A successful façade design is expected to meet several functional requirements and regulate
multiple environmental factors. In nature, there is an extensive array of organisms specialised in
different functions. The translation of biological solutions into adaptive façades would benefit from
billion years of evolution. Given this, the research here aims to develop an approach for designing
multi-functional biomimetic adaptive facades. The first paper in this series (Multi-functional
biomimetic adaptive façades: Developing a framework is also written as part of FAÇADE 2018 Final
Conference of COST TU1403 “Adaptive Façades Network”), describes the development of a design
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2

Multi-functionality in nature and architecture
Organisms have in-built adaptations with various functions in order to survive. The most efficient
way to procure as many survival strategies as possible lies at the intersection of hierarchy and
multi-functionality. Hierarchy in nature is having independent functional features in a multi-level
structure from nano-to-macro scales. Each level in biological structures is comprised of similar
elements but generates different parts (Knippers & Speck 2012). For instance, in plants, the stem
structure is in the macro level of the hierarchy, followed by tissue, cell, cell wall and the biochemical
composition of the cell wall which serves as the smallest scale (Speck and Rowe 2006). Multifunctionality in nature is the integration of more than one function into a single system where a
unified structure is capable of controlling a variety of functions (Knippers & Speck 2012). Almost
every organism has diversified functions at multiple levels of a single component in the hierarchy to
withstand stresses, mostly caused by the thermal environment. In nature, efficiency in material and
matter are vital for advancement; organisms evolved their adaptations as hierarchical and multifunctional structures as structure, function and form being often carried in the same substance with
quite fluid boundaries. It is difficult to determine the function of an element in isolation of its other
uses.
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framework that others can follow to design multi-functional biomimetic adaptive façades. This paper
expands this, by demonstrating the implementation of the framework through a case study school
building. The resultant multi-functional biomimetic adaptive façade is simulated to demonstrate its
performance improving thermal comfort.

and mapping of corresponding multi-functional biological adaptations, and (3) design generation
for multi-functional biomimetic adaptive façades (Fig 1). The boundary conditions determine the
required functions through a base-case model with a selected climate and building typology. The
biological model is selected through a map provided as a growing database that is comprised of
the investigation and classification of numerous multi-functional mechanisms in nature with their
specific features such as their biological organisation levels, stimulus, adaptation types and levels.
Design generation for multi-functional biomimetic adaptive façades is achieved through a series
of translation of the biological adaptations. The biological organisation levels help transferring
different functions in a hierarchical multi-level structure of an adaptive façade. The first two steps of
the framework serve as the inputs for design. Boundary conditions give the technical design input
and biological models give the biological design input. These steps define the technical problem
as functional requirements to be solved by natural adaptations. The third and last step, the design
generation, gives the strategy, therefore the output of the framework.

While this is the case in nature, on the contrary, in architecture, buildings are composed of
individual components with separate functions often performing single tasks. Current studies
concentrate on mono-functional elements assembled into a single system that is subsequently
multi-functional. For instance, components of a window are designed separately fulfilling different
requirements, such as daylighting and external view controlled by glass` properties, while glaring
and solar gains controlled using shadings. The façade needs to manage multiple aspects to meet
the functional requirements of a building and protect the indoors from environmental factors such
as wind, precipitation, humidity, outdoor temperature and solar radiation (Aelenei et al. 2016).
Façade systems aim at meeting a wide range of various functional requirements that are often
contradictory. For example, achieving optimum illuminance with minimum glare and having high
thermal storage with lightweight, permeable structures (Gosztonyi et al. 2010).
The concept of adaptive façades is an emerging area integrating various functions into the
building envelope with a focus on adaptability. The definition of adaptability in façades is the ability
to meet various functional requirements to improve building performance to changing climatic
circumstances. On the other hand, the successful design of an adaptive façade is substantially
associated with multi-functionality. Multi-functionality in façades refer to façade systems having
more than one functional requirement controlled independently. Therefore, the development of
multi-functionality in façades can benefit from the integration of lessons learnt from biological
structures.

3

Implementation of a framework for the development of
multi-functional biomimetic adaptive façades
A new framework for the development of multi-functional adaptive façades is proposed to promote
the translation of multi-functionality in nature into architecture. The framework consists three
main steps: (1) the definition of boundary conditions and functional requirements, (2) selection

242

Fig. 1 A new framework for designing multi-functional biomimetic adaptive façades

In addition to the three main steps, the framework proposes a quantitative analysis of the
developed façade design to analyse its environmental performance and determine the most
promising design strategy. It is suggested that through a series of design generations of façades,
the most promising option will be selected in terms of its performance through simulations. The
target of the performance analysis and fitness functions are determined according to the boundary
conditions identified. In this case study, the target is improving thermal comfort standards by
controlling solar gains and ventilation. The fitness functions for the comfort analysis are ventilation
rate, temperature, visible light transmittance and solar heat gain. The variables set for the building
performance simulation are opening ratio and schedule, shading geometry and schedule; and
materiality for thermal resistance and conductivity of the glazing. The case study acts as an
example of implementing the framework demonstrates a design option and its performance as an
outcome.

4

Definition of boundary conditions and functional requirements
4.1. Boundary Conditions
The boundary conditions are identified to determine the functional requirements to improve thermal
comfort. This comprises the selection of a climate, location, building typology, architectural design
of a specific building, local building regulations and the ventilation type. This paper focuses on
Western Sydney, Australia. With the positive impact of being a coastal city, Sydney has mild winters
and warm summers due to the presence of sea breeze (Glasow, 2013). In contrary to the situation
on the coastline, inland areas especially the western part of the city suffer from hot temperatures
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To determine the reference scenario of what happens in Sydney, a digital reference building from
the United States Department of Energy (US DoE) was selected to serve as a base-case model.
The typology was selected as an educational building. The reference building was located in
Atlanta, USA, as Atlanta shows climatic similarity to Western Sydney. It is anticipated that the
geometry of the reference building is suitable for a similar climate. Only one thermal zone, a corner
classroom in the reference building, is modelled to simplify the simulation and modeling processes.
The classroom was originally located in the South-West corner of a primary school. The corner
classroom is rotated by 180° due to Sydney and Atlanta being in different hemispheres. Therefore,
the corner classroom is now located in the North-East corner. The ventilation type is switched to
natural ventilation from mechanical ventilation with 50% operable windows and external louvers to
provide shading. Glazing type and its thermal properties, aperture ratio, shading`s slat data and
dimensions and ventilation rate are compliant with National Construction Code (NCC) of Australian
Building Codes Board (ABCB 2018).
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in dense precincts (Santamouris et al. 2018). In this case, naturally ventilated buildings can be
highly affected by the extreme climatic conditions resulting in greater occupant discomfort. A
high-performing dynamic system regulating multiple environmental factors demonstrates a higher
chance of improving comfort compared to a conventional approach (Fiorito & Santamouris 2017).
Therefore the focus of this research is implementing dynamic façade systems in naturally ventilated
buildings.

The openings data for the base-case building comprising of glazing, aperture and shading is
provided in Table 2. A double glazed low emittance clear glass is replaced with the original digital
reference model due to the previous glazing`s obsolete typology which was a single glazing with
a poor performance. The double-glazed openings reflect the case of a high-performing scenario
suitable for a comparison with an adaptive façade design. High solar reflecting and low transmitting
louvers are also placed on the exterior of the façade and switched to always on throughout the
year. The thermal properties of the shading system are kept the same for the new façade design to
be able to compare the results for changes made in the typology and geometry of the biomimetic
façade.

4.2. Performance Analysis
Table 2: Base-case glazing and shading properties summary.

The specifics of the reference building`s architectural and technical properties are listed in Table 1.
The information provided in this table are not changed with the implementation of the new façade
design. The values are taken from the original base-case digital building model from US DoE,
followed by a compliance process for NCC of ABCB. Some changes are made to comply with the
local building standards in Australia and to convert the ventilation type from mechanical to natural.
The building simulation is conducted targeting thermal comfort analysis using Adaptive Comfort
Model measures of ASHRAE 55-2010 Standards as simulation output. To demonstrate the climatic
situation in Western Sydney, the weather file for Sydney Airport is used. Sydney Airport serves as
a benchmark for the Western Sydney climate throughout a typical year similar to Bankstown and
Sydney Olympic Park, which are located further in the west (Santamouris et al. 2017).

The results for the performance analysis show that the total energy consumption of the building is
123.13 kWh/m² (Table 3). A significant amount of the energy use is due to lighting and equipment
needs with 50.87 kWh/m² and 58.43 kWh/m² respectively. In contrast, heating is the least energy
consuming element with a value of 2.77 kWh/m². The analysis is run to determine thermal comfort
therefore the mechanical ventilation is out of operation. The analysis for the adaptive comfort
model presents the number of discomfort hours annually in a typical year in two different categories
for the acceptable range of indoor temperatures to the outdoor conditions. The results show that
1112.50 hours in total fall in the ASHRAE 55 90% acceptability limits and 685.50 hours in the 80%
acceptability limits.

Table 3: Results of energy demand and discomfort hours for the base-case model.

5

Selection and investigation of corresponding biological model
5.1. Selection

Table 1: Corner classroom zone data summary.
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Simulation results show that solar gains and ventilation are major concerns affecting the
performance. Therefore the functional requirements are maintaining and losing light and heat and
gaining and exchanging air with the purpose of decreasing operative temperatures and increasing
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5.2. Investigation
The selected organism is investigated in the database to comprehend its multi-functional,
adaptive and performative features. The database offers an extensive mapping and classification
of organisms with various functions present at different biological levels regulating multiple
environmental factors. Fig 2 shows the classification of the barrel cactus and its three primary
mechanisms to regulate environmental factors; the expanding dynamic mechanism of the cortex;
the self-shading static mechanism of areoles and spines; and the dynamic microscopic stomatal
openings on the epidermal layer of the stem (Fig 3).
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ventilation for cooling. The environmental factors and their controls assist in investigating the
corresponding biological models mapped in a database. The database is further explained and
explored in detail in ‘Multi-functional biomimetic adaptive façades: Developing a framework’ also
as part of FAÇADE 2018 Final Conference of COST TU 1403 “Adaptive Façades Network”). As a
result of a selection from the database, some organisms were identified such as the barrel cactus
(Echinocactus grusonii), sensitive plant (Mimosa pudica) and big pine cone (Pinus coulteri). For the
purposes of this research, the barrel cactus was chosen as the biological model to pursue.

The cortex is the stem of the cactus that is covered with a unique ribbed morphology. This structure
of the ribs give the plant the ability to swell and shrink in response to changing internal water
content and outside temperature. The barrel cactus is capable of expanding its surface area up
to 54% helping losing heat by having a high surface-to-volume ratio (Nobel 1977). Ribs decrease
the average plant surface temperature for both winter and summer days about 1-2°C. With the
help of its areoles and spines, the barrel cactus creates shaded areas increasing this cooling
effect. Areoles are unique structures to cacti situated on the epidermal layer of stems where
spines grow. In fact, the difference between the hourly surface temperature of the stem with spines
compared to without spines is 16°C in summer and 6°C in winter (Nobel and Gibson, 1986). The
ribs, spines and areoles together decrease the average hourly surface temperature by 5°C for a
summer day and 0.2°C for a winter day (Nobel, 1988; Nobel and Gibson, 1986). The stoma is a
reversible, nastic structure operating as a valve on cactus` stem to balance the intake of carbon
dioxide with water loss (Lee, 2010; Hopkins, 1995). The barrel cactus, like vascular plants, uses the
stomatal openings to cool its stem surface and collect air by generating negative pressure through
evaporation (Bar-Cohen, 2005; Stahlberg and Taya, 2006). There are between 15 to 70 stomata
per/mm² in a cactus (Park et al., 2016). This number is much less than in other plants since cacti
need to conserve water in their typically hot and arid habitat.

6

Design generation for multi-functional biomimetic adaptive façade
The two dynamic mechanisms of the barrel cactus which are ribs-structured expanding cortex
and stomatal openings are transferred into a façade component to form a pattern replacing the
whole façade of the base-case building. The stomatal openings are transferred into a dynamic
opening system and the cortex morphology is transferred into an expanding shading system. The
façade component is duplicated along x and y-axes to replace a whole façade. The shape of the
component is a hexagon with a maximal radius and side length equal to 500 mm. Therefore, the
height of a whole component measures 1 meter and four components will be covering the length of
the whole façade. The two functional requirements of the façade are controlled individually through
the difference in axes of displacement as movement in y-axis for ventilation and x-axis for shading.

Fig. 2 Mapping biological mechanisms of the barrel cactus (Echinocactus grusonii)

a)

b)

c)
Fig. 4 a) Fully open/ventilating, b) fully closed/shading, c) intermediate/shading ventilating states, d) displacement in y-axis, e)
displacement in x-axis, and f) displacement in both x and y-axes of the façade component

Fig. 3 The barrel cactus (Echinocactus grusonii) a) swollen, b) shrinking; and c) areoles and spines (Source: New York Botanical
Garden)
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The thermal and material properties of the glazing are kept the same as the base-case model to
determine the improvement by implementing the biomimetic adaptive façade as a new morphology
(Table 4). The aim of the analysis is to focus on the different geometry and typology of the
implemented façade. The whole façade is replaced with the biomimetic adaptive façade with a
window-to-wall ratio (WWR) of 90%. The shading is modelled as a horizontal shading module
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mimicking the geometry with a dynamic movement following the occupancy schedule. When solar
gains are higher than 120 W/m² the shading mechanism is activated. The mechanism allows
maximum shading and ventilation at noon with an angle of 90° gradually reaching closure in the
morning and the evening (Fig 5). The width of the slats are calculated as 500 mm and the thickness
is 0.2 mm. The fully open configuration is measured as a 90% maximum opening. The expanding
mechanism for is equal to the radius, side length and slat width of the component.

Table 5: Results of energy demand and discomfort hours for the façade design.

Table 4: Façade design modeling summary.

Fig. 6 Number of discomfort hours comparison between the base-case model and the façade design

8

Fig. 5 Shading study of the whole façade design

7

Environmental performance analysis
An environmental performance analysis for an entire typical year in Sydney is conducted and the
results show that there is a substantial improvement in comfort levels with the implementation of
the biomimetic adaptive façade design (Table 5). The ventilation type and operation of the building
are kept same as the base-case model as naturally ventilated with the same air change rate of 7.5
ac/h. The total number of discomfort hours are reduced according to the adaptive thermal comfort
model by ASHRAE 55-2010 (Fig 6). The discomfort hours for Acceptability Limits 90% are reduced
from 1112.50 to 540.50 (51.5%) and for Acceptability Limits 80% are reduced from 865.50 to 282.00
hours (67.5%). On the other hand, the total energy use is quite similar with an increase of 3.4%
while the heating demand is more than doubled. It increased by 60.8% reaching 7.05 kWh/m² from
the initial case of 2.77 kWh/m². This comparison shows that the summer discomfort hours are
reduced substantially while winter discomfort hours are increased slightly with a need for additional
heating.
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Conclusion
This research demonstrates the implementation of a proposed framework discussed in the paper
`Multi-functional biomimetic adaptive facades Developing a framework`. A double-side oriented
corner classroom in a naturally ventilated primary school in Western Sydney is the reference
scenario due to its high energy use and low comfort. An environmental analysis is conducted to
calculate the number of hours not meeting Adaptive Thermal Comfort model for ASHRAE55-2010.
The results show that discomfort hours are 1112.50 hours in the ASHRAE 55 90% acceptability
limits and 865.50 hours in the 80% acceptability limits with solar gains and ventilation being primary
reasons. To improve these results, the functional requirements of a new biomimetic adaptable
façade are defined as managing and losing light and heat and gaining and exchanging air. Through
an investigation from an extensive database of multi-functional mechanisms in nature, the barrel
cactus (Echinocactus grusonii) is selected as biological inspiration. The expanding dynamic
mechanism of the cortex and the dynamic microscopic stomatal openings on the epidermal layer
of the stem are translated into a multi-functional biomimetic adaptive façade design. The design
is used to replace the façade of the base-case model and an environmental analysis is conducted
to demonstrate the improvement. The results show that the total number of discomfort hours with
ASHRAE55-2010 Adaptive Thermal Comfort model input are reduced substantially by 51.5% for
90% limits having 540.50 discomfort hours and 67.5% for 80% limits having 282.00 discomfort
hours. On the other hand, the total energy consumption shows similar values. The heating load is
more than doubled demonstrating that winter comfort levels are dropped slightly with a need for
more heating. The improvements in comfort levels are related to warm and hot seasons in a year,
ranging from October to April. The next steps for this research are to generate different design
options for the façade derived from the same biological principles to identify the most promising
biomimetic design strategy.
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Dynamic shading systems represent the majority of realised adaptive façades. It seems that
geometrically complex kinetic solutions have increased in recent years, mainly due to the use of
parametric design tools and digital production. In most shading systems, however, geometry rarely
plays a guiding role in the design. The kinetic mechanisms are confined to linear or planar geometries.
Geometry plays an important role in biological organisms, because it is the decisive factor for efficiency
and growth. Their growth patterns could provide new insights for dynamic shading designs. For this,
spatial morphology criteria for shading systems were identified to obtain criteria directly related to
geometry. These were supplemented by criteria on kinetic mechanisms. Then, biological analogies
that correlate geometrical structures with adaptability were sought. Using biomimetic methods,
particularly from functional morphology, principles in growth patterns were analysed and compared to
shading systems. It revealed that the restriction to space, location, and material-inherent properties
does not affect the solution diversity, but follows an evolutionary objective: Plants, for example,
use ingenious geometrical structures to allow adaptation, mainly over lifetime but also dynamically.
Whether these principles can be applied to the design of dynamic shading systems is then discussed.
The aim of the paper is to provide impulses for further studies on adaptive shading systems that focus
on the innovative use of space with greater flexibility in motion. The overall premise of the paper is to
demonstrate the applicability of biomimetic methods for architectural engineering.

Keywords: adaptive facades, shading systems, biomimetics, geometry, growth pattern, kinetic
mechanisms, spatial morphology
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Innovations in façade engineering and a
glass façade for the future
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Today it feels that the dream of façades with a maximum transparency is further away from reality
than ever. Clear and unobstructed views from the inside into the outside environment and maximum
daylight autonomy are in clear contradiction to available technologies of today. The main reason is
the inevitable requirement of solar protection to avoid solar heat gains and consequently high cooling
capacities in buildings. Solar coatings, tinted glass, switchable windows and classic interior and
exterior sun shading devices all have the same general effect: The quality of the views to the outside
is reduced, the amount of available daylight decreases. The contribution concentrates on a project
funded by the European Union (InDeWaG - Industrial Development of Water Flow Glazing Systems)
within the framework of the European research program HORIZON 2020. An international consortium
incorporating research institutes, industry and designers is developing a new insulation glass unit. In
the cavity of this unit, a fluid mixture is circulating within a closed loop. It absorbs the infrared radiation
of the sunlight and thus reduces the solar gains into the interior. Maximum daylight use with appealing
glass façades and at the same time meeting nearly zero energy building (nZEB) performance is the
main objective of the InDeWaG approach. The contribution gives an overview of the current state of
the project and enlightens the possible potential of the technology.

Keywords: Daylight, energy efficiency, fluid flow glazing (FFG)

1

Introduction
Glass façades play a significant role in terms of energy losses and gains of buildings. The ideal
glass has optical properties that can easily adapt to changing climatic conditions. Concepts
for multifunctional building envelopes try to come close to this ideal, using motorized shading
elements, switchable glasses and multi-layer façade systems with and without ventilation. In most
systems, the implementation of summer heat protection usually leads to a deficit in the daylight
autonomy inside the building as well as to constraints of the views from the inside to the outside
environment. Both have an impact on the well-being, health and productivity of building users
(Boubekri et al. 2014).
Fluid Flow Glazing (FFG) allows the control of solar heat gains through the glass without
significantly impairing its transparency. A water-based fluid is circulating through one of the glass
cavities of the IGU within a closed loop. Due to its spectral properties, it captures most of the
infrared solar radiation. It is transparent to visible wavelengths of the sunlight but opaque to NIR
wavelengths. Consequently fluid flow glazing has almost the same natural light transmission as
conventional glazing whilst reducing the heat transfer towards the interior space. This leads to
energy savings in building operation. The objective of InDeWaG is to contribute to the building
envelope of nZEB (nearly Zero Emission Buildings) by means of FFG. In addition, FFG offers
potential to absorb and use energy, as well as to reduce cold radiation of the inner glass pane in
winter.
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R. Seemann. A triple glazing unit was placed in a fluid-filled frame. The absorbing fluid was either
filled into the exterior cavity during summer or the interior cavity during winter (Seemann, 1982).
Over the past few years, different emphases have been put on fluid flow façade systems, two of
which mentioned below. First, the project FLUIDGLASS which is based on the extensive research
activities of Dietrich Schwarz who developed the patent „Method for Transparent Heat Insulation in
a Building“ (Schwarz 1998). The focus of Fluidglass is a solar-thermal glass façade with adjustable
transparency (Stopper 2018).

Experimental Tests

The current research project InDeWaG is not the first to deal with fluid-filled insulating glazing units.
Pilkington filed the first patent for a fluid flow façade in 1972: a fluid circulating in a glass cavity with
spacers (Woods 1972). Another patent was filed by Frederick McKee in 1982 (McKee 1982) for
windows filled with a dyed heat-transfer fluid which is connected to a closed fluid loop and to the
MEP system of the building. Test results and parameters have been published in depth (McKee
2007). Another patent, called “All season window” was also filed in 1982 by

The following boundary conditions have been assumed for the calculation:

•
•
•
•
•
•

The third glass pane of the triple insulation glass unit has been neglected in order to simplify the
simulation model
Interactions between the adjacent glass panes through the water have not been taken into account.
Temperature changes have not been taken into account.
Linear hinged support conditions on all four sides.
Square shell finite elements with geometric non-linearity.
Conservative shear modulus G = 0 in accordance with the certification of SGP (Sentryglas plus) for
overhead glazing (overhead glazing is the only practical reference for glass panes constantly under
bending stress due to permanent loads).

Second, the research focus of the Universidad Politécnica de Madrid (UPM), where fluid flow
glazing has been investigated during more than the past ten years with regard to its physical
behavior, the construction practice and the long-term behavior during the life-time of such glazing
units (Del Ama Gonzalo 2016). At UPM, also participating as a research partner in the InDeWaG
project, research results have already been implemented in the built environment, e.g. a façade in
Carcagente, Spain, which was completed in 2010. With regard to thermal simulations, Chow and Li
carried out studies of water flow façades, in which the performance of a water-filled insulation glass
unit has been simulated and compared with experimental data (Chow and Li 2011).
Fig. 2 Pressure distribution in the cavity (left) and corresponding equivalent tensile stresses (right).

2

Structural behavior
The composition of the insulating glass unit for the FFG modules is shown schematically in Figure
1. Each of the two laminated glass panes consists of 2x8 mm of heat-strengthened glass and a
1.52 mm thick Sentryglas plus interlayer. The water chamber is located in between two laminated
safety glass panes and there is an argon-air mixture in the second cavity.

Fig. 1 Schematic composition of the insulating glass unit (IGU).

Due to the aspired story-high unit dimensions of approximately W x H = 1300 x 3000mm, the
hydrostatic pressure in the water-filled cavity represents as a matter of fact the relevant load case
for the structural design of the pane. The above-mentioned dimensions of the unit would lead to
a hydrostatic pressure of 30kN/m² which is 10 to 20 times higher than the relevant wind load for
a typical high-rise façade. The chosen approach to react to the high hydrostatic loads is the filling
process for the glass units. The units are filled lying down in a first step. After the fluid has been
degassed, parts of the fluid are extracted via a pump and a vacuum is established before the unit
is set up. This vacuum is currently being investigated within the following limits. An exemplarily
resulting pressure curve shown in Figure 2.

•
•
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Compensation of the entire hydrostatic pressure of 3m height, 30kN/m²
Compensation of half of the hydrostatic pressure, 15kN/m²

The simulation models were calibrated with the Finite Element software tools ANSYS and DLUBAL.
The structural analysis has been conducted in accordance with the German DIN 18008: “Glass in
buildings” for the following additional loads:

•
•
•

Dead load of the glazing
Wind pressure 0,65kN/m² / wind suction 1,1kN/m²
Horizontal line load 1kN/m in 0,9m and 1m height representing people impact and the fall protection
requirements.
The equivalent bending stresses for all tested configurations of the pressure distribution in the
cavity show clearly too high bending stresses and deformations in the glass, even assuming high
stress limits as for heat strengthened and tempered glass. It has to be mentioned that exceeded
stress and deformation limits could be easily eliminated by increasing the number of laminated
single glass layers for the panes adjacent to the fluid-filled cavity, i.e. leading to triple or even
quadruple laminated safety glass panes. However, this would significantly increase the thickness
and especially the weight of the units. Consequently, the development of a lighter and thus smarter
solution by means of additional bracing measures within the fluid-filled cavity of the IGU.
2.1. Bracing components in the cavity.
Different alternatives for bracing the fluid cavity are currently under investigation. Both, the
geometrical variations and the material opportunities have been developed and tested.
Geometrically, punctual pin-like elements and linear fins have been integrated in between the two
adjacent glass panes, consisting of glass or UV-resistant polycarbonate materials (Figure 3). The
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connection to the glass panes depends on the resulting stresses between bracing component and
glass pane: the negative pressure in the cavity ensures no or only very little locally limited tension
stresses. Consequently, pure contact between the two glass panes would satisfy their deformation
compatibility. On the other hand, in the case of higher tension stresses in the bracing components,
they have to be mechanically glued to the glass panes. Then, particular attention must be paid to
the connection between glass panes and bracing component and especially to the compatibility
of any adhesives with the fluid mixture. The Fraunhofer Institute for Solar Energy Systems ISE
carries out extensive testing series for this purpose. Merchantable adhesives are screened
for the influence of the heat carrier fluid by means of accelerated aging tests and mechanical
characterization of the material properties. The material test specimen are designed based on
the application in the glazing unit and allow a maximum transfer of the obtained results into the
development process. The investigated adhesives are butyl rubbers and two component silicones.

Fig. 4 Bracing in the cavity: geometry and resulting glass bending stresses for punctual pins (left) and linear fins (right).

Fig. 3 Prototypes for punctual (left) and linear (right) bracing components in the cavity.

The calculation results (Fig. 4) show that the limits for the glass bending tensile stresses can
be easily met by means of the bracing measures in the cavity. A very accurate simulation of the
transition areas using high-resolution FE models leads to a better distribution and thus a reduction
of the maximum stresses. However, the crucial and decisive factor for the bracing system will be
the compatibility of the materials (adhesive, sealants, fluid) used in order to ensure the durability of
the mechanical connection.

3

The CFD simulations are also required to derive an optimum geometry and flow through the FFG
units with regard to heat capacity, reduction of the thermal loads and total energy consumption.
Different alternatives for the flow of the fluid with inlets and outlets are represented in Figure 5.
It is essential for the efficiency of the system to produce the most laminar and homogeneous
possible flow distribution in the cavity. Numerous parameter studies helped to optimize the FFG
components, to understand and visualize the exact flow distribution and to predict the resulting
solar heat gains before building physical prototypes for metrological validation.

Flow simulations
3.1.

Modelling of the FFG modules

In order to ensure the optimal integration of the FFG modules into the climate concept of the entire
building, the understanding of their exact spectral, thermal, mechanical and fluid dynamic properties
is indispensable. For this purpose mathematical models for the relevant physical processes (heat
exchange, fluid flow dynamics, optical and structural behavior as well as environmental influences)
are represented within a software model of the FFG unit using highly complex flow simulations
(CFD = Computational Fluid Dynamics). The results are validated by spectrophotometer and
calorimetric measurements (Chapter 5).

Fig. 5 Investigation of possible flows through the FFG.

The shape of the spacer turned out to be crucial for the optimized flow of the fluid within the
cavity. Perforated standard elements lead to unsatisfactory results. Out of dozens of investigated
geometrical alternatives, a newly developed spacer leads to a considerably more even flow and a
minimized pressure drop of 87 mbar for the maximum flow rate of 8 l/min in the fluid chamber (Fig.
6).
3.2.

Local climate simulations

The interaction between the FFG modules and the outside climate is calculated by means of solar
altitude and weather modelling for different climate zones to provide a performance prediction for
different scenarios. Parametric studies of different operating conditions with regard to geometry,
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material properties, fluid flow rate and ambient conditions complete the understanding of the
behavior of the FFG modules for future consideration in the overall thermal dynamic building
simulation.

3.4.

CFD simulation of room climate

Figure 8 shows the spatial temperature distribution in the InDeWaG demonstrator pavilion under
construction (see chapter 5) on a summer day, while the FFG modules operate in cooling mode
(high flow velocity). All physical effects such as solar radiation, shading, etc have been considered.
The simulated temperatures and air velocities for this scenario show comfortable results. Due to the
widespread but very moderate cold radiation, neither uncomfortable temperature stratification nor
negative draft effects will occur.

Fig. 6 Flow distribution for (a) perforated standard spacer, (b) optimized spacer, (c) with punctual bracing, (d) with linear bracing..

3.3.

Spectral and thermal modelling

A newly developed optical simulation tool based on years of metrological experience (Sierra 2017)
allows the prediction of the optical performance (absorption, transmission and reflection) of the
various FFG modules from the InDeWaG Glazing catalogue. Fig. 7 shows the calculated absorption
of each layer of the FFG unit as well as its transmission properties, its SHGC and U-value and the
resulting temperature profiles (as an example for the winter period).
These optical properties form the input parameters for the CFD simulations of the single FFG unit
as described above. The results of the CFD simulations serve as information input for the thermal
dynamic building simulation.

Fig. 8 Temperatures and air movements in the demonstrator pavilion resulting from CFD simulation.

4

FFG in thermal-dynamic building simulation
One of the primary goals of the InDeWaG research project is the implementation of the thermal
behavior of the FFG modules into the thermal building simulation, which is becoming more and
more the standard design tool for summer heat protection analysis, climate engineering and
dimensioning of the cooling and heating components. Commercial software tools for thermal
simulation do not have the appropriate components for FFG modules, since these modules are
dynamic and do not have constant spectral and (solar) thermal properties. Properties of the FFG
units are changing in interaction with the exterior site-specific and climate conditions. In the present
project InDeWaG, the behavior of the FFG modules was coded in a special modeling language
called NMF (Neutral Model Format) and then compiled into Fortran. Subsequently, a DLL file has
been generated and implemented within the popular simulation software IDA ICE (Equa 2013).
Detailed information of a possible implementation of elements with time variant properties in IDA
ICE can also be taken from (Plüss 2014). The enhancement of the simulation software will provide
engineers and specialists with the possibility to model FFG modules physically correct within
thermal simulations. This feature will be indispensable in order to establish the FFG technique not
only as an industrial product but also within modern design and planning processes for buildings.
4.1.

Modelling of FFG modules within the building model

The following boundary conditions are essential for the performance of the FFG modules and must
therefore be considered in the modelling process:

Fig. 7 Software for the calculation of spectral and physical characteristics and temperature profiles in FFG modules.
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•
•
•
•

Outside and inside temperature (climate database),
Solar radiation (climate database),
Flow rate in [kg/m²s] of the fluid in the cavity,
Fluid inlet temperature in [K].
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The implementation of the FFG modules within the IDA-ICE overall model for the demonstrator
pavilion with 15 modules (Figure 14) is represented schematically in Figure 9.

flow and energy demand are shown in Figure 11 and give an idea about the potential of the FFG
technology.

Fig. 9 Schematic representation of the FFG modules within the building simulation model.

4.2.

Results of the thermal building simulation

Fig. 11 Results for 100% FFG modules (left) and solar coated standard glazing (right).

In the current project phase, the simulation results are verified and quantified on the one hand
by optimized modelling of the FFG modules within realistic over-all mechanical system concepts
for buildings, on the other hand by means of comparison and calibration with physical testing
procedures. Moreover, the outlet temperature and possibilities to use these energy gains will be
investigated in detail (shown in figure 12 for the south façade).

At building or room level, the changes in heat flow and energy demand caused by the FFG
modules are of importance. These changes are documented in the following for the reference of the
demonstrator pavilion described in chapter
5. Simulations for different variations of the parameters described in chapter 4.1 have been
carried out for this pavilion. The input parameters (number of reference modules with standard
solar coating, number of FFG modules, fluid inlet temperature and fluid flow rate) and the resulting
energy demands for heating and cooling are shown in Figure 10.

Fig. 12 Outlet temperature and heat gain of the FFG on the south façade.

5

Fig. 10 Parameter study for the energy consumption of the demonstrator pavilion.

Measurement, calibration and construction
The FFG modules directly influence the temperature and light conditions in the building and thus
the energy consumption in terms of heating, cooling, lighting, etc. In addition to the numerical
evaluation of this influence in low energy buildings, the project InDeWaG calibrates the results of
the CFD simulations as well as the thermal dynamic building simulations by means of measured
values determined on prototypes (Fig. 13).

The significant reduction of the energy demand for heating and cooling by the integration of FFG
modules into the façade is clearly visible. The flow rate and fluid inlet temperature can be adjusted
to the exterior conditions and thus react to the outdoor climate.
A higher flow rate in summer allows the absorbed solar energy to be transported away quickly.
During wintertime, the flow rate is reduced so that the fluid in the cavity gets heated by diffuse and
direct radiation, leading to positive effects on the heating demand. The exact fractions of the heat
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Fig. 13 Left: Indoor calorimeter, Fraunhofer ISE, right: Test chamber, Valencia, Spain.

In the indoor calorimeter, the solar-thermal loads can be directly compared to the heat gains in
the test chamber in order to derive the total solar heat gain coefficient of the system as well as the
energy absorbed by the fluid. Similar tests are carried out in a test chamber in Valencia under real
exterior climate conditions.

and temperature will be the next step in order to adjust the flow according to seasonal and energy
needs, (e.g. lower flow rate in winter and higher flow rate in summer).

7
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Moreover, a demonstrator pavilion is currently being built at the Academy of Sciences in Sofia,
Bulgaria (Fig. 14). FFG elements will be installed on the entire eastern, western and southern
façades and on the interior walls used for additional radiant heating and cooling. The building will
allow extensive monitoring and thus provide valuable information for both the calibration of the
simulation tools and the operation and durability of the modules.

Fig. 14 Demonstrator Pavilion in Sofia, Bulgaria, scheduled completion in August 2018.

6

Conclusion
The ongoing simulation and monitoring works within the research project show that water flow
glazing is a very promising system regarding energy savings. The studied simulation variations
help to define the optimal flow rate and inlet temperature for the hot climate (Madrid) and the cold
climate (Sofia), which will be compared with measurements of the Bulgarian Pavilion and the small
prototype in Madrid in the next project phase. The development of control strategies for inlet flow
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Application of Hollow Glass Blocks for
Facades, Full Scale Test of Wall Created
with Vitralock System
Zdeněk Sokol, Martina Eliášová
Faculty of Civil Engineering, CTU in Prague, Czech Republic, sokol@fsv.cvut.cz

The paper is focused on application of hollow glass blocks in various structures: windows, walls,
skylights, sidewalk lights and facades. The hollow glass blocks were developed at the end of 19th
century and soon gained popularity, especially in modern architecture in 1920’s. New applications
followed in 1960’s and their popularity is ever growing with new colours, sizes, textures and forms
available on the market. Brief description of the available construction methods is given in the paper.
The traditional method is based on assembling the blocks together in a Portland cement-based mortar
with steel reinforcing rods placed within the mortar bed. This is complicated process requiring skilled
workers and considerable time for the mortar hardening. To avoid these difficulties, several proprietary
methods were developed by glass blocks producers. The modern construction methods are based
on assembling the glass blocks with plastic or aluminium elements and silicone glue which replace
the mortar. Advantages and disadvantages of various methods are briefly summarized in this paper.
Research on Vitralock system by Seves is in progress at CTU in Prague. Full scale wall test (size
approx. 2.8 × 2.4 m) was performed recently. The test was aimed to resistance of the wall exposed
to horizontal load and it proved excellent performance of the system. The test would be used as a
background for development of component based finite element model to predict the performance of
the wall, however, additional tests of the components are necessary. Details of the full-scale test are
given in the paper.

Keywords: Facades, Hollow glass blocks, Experiments.

1

Introduction
Although flat glass has been used for structural elements for only few years, the application of
glass blocks dates back to the end of the 19th century. The first hollow glass blocks patent was
handed over by Gustave Falconnier in Switzerland in 1886 but he applied for more patents all over
Europe and even in United States [58]. The blocks were blown into the rectangular or hexagonal
metal molds and sealed to be airitight. However, this method of production was not very effective
and it was not suitable for the mass production. The increasing popularity and application of these
blocks led to improvement of manufacturing methods which allow larger quantities to be produced
at low price. As a result of this effort, the two halves of glass blocks were manually molded and
then welded together as the glass edge was heated to soft state and the two pieces were pressed
together. Later, this process has been automated, and today the pressing and joining of both mold
halves together is fully automated.
The paper gives an overview of application of hollow glass blocks for facades. Basic properties
of hollow glass block are listed where their advantages are highlighted. It proves the hollow glass
blocks represent a competitive solution compared to other types of facades. This is documented
by few examples of buildings which were designed with facades made from hollow glass blocks.
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2

Properties of hollow glass blocks
The use of hollow glass blocks is particularly advantageous for their good thermal and acoustic
properties. Standard types of hollow glass blocks have the coefficient of heat transmission in range
2,6 - 3,2 W/m2K. When lower value is required, special thermal insulating blocks are available
which have argon filled cavity split by additional glass layer. The coefficient of heat transmission of
these blocks is in range 1,1 - 1,5 W/m2K which is similar value achieved for double glazing.
Glass blocks offer high level of sound insulation, even superior to that of brick walls of identical
thickness. This makes them suitable even in very noisy environments (discos, manufacturing
facilities, etc.) because they provide sound insulation equal to 40 dB.

Experimental Tests

The other part of the paper is focused on various assembling methods trying to find an alternative
for the traditional method using cement based mortar and steel reinforcement. Full scale test of the
wall assembled with Vitralock system is described in details as there is limited knowledge of the
behaviour of this structure.

a)
b)
c)
Fig. 1 Maison Hermés, Tokyo, a) Front view, b) Detailed view on the shop window, c) Interior.

In terms of load-bearing capacity, hollow blocks are unsuitable for structural purposes. They are
only used for fillings of openings or partition walls. The hollow glass blocks transmit only their own
weight and horizontal loads as wind load and may not be allowed to assume any additional loads
from the main structure, the load bearing function of the building is provided by steel or concrete
frames.
New applications are developed as the fire resistant hollow glass blocks providing fire resistance
rating up to EI90.

3

Facades from hollow glass blocks - point of view of an architect
The hollow glass blocks were used by architects for building envelopes since the beginning of the
20th century. These early applications include the 1914 Glass Pavilion of the Werkbund Exhibition
in Cologne by Taut and the 1929 Immeuble Clarté in Geneva by Le Corbusier. One of the first
non-industrial buildings where hollow glass blocks were used on façades in conjunction with a
steel structure was the 1932 Maison de Verre in Paris by Chareau and Bijvoet [2]. Recently, hollow
glass blocks are becoming popular again as new generation of architects discovered their aesthetic
qualities and functionality. Recently, many projects have arisen in which glass blocks have been
used on facades. Modular glass blocks are now manufactured in various patterns and colors which
can create polychrome and translucent skin of buildings. The glass blocks can be easily adopted by
architects to create irregular and curved shapes etc. New use in architecture is characterized by the
connecting of buildings to the outer space, combining natural and artificial light.
New trends in architectural design can be seen in buildings completed recently. This chapter shows
some applications which document the wide range of buildings with the hollow glass blocks facades
including apartments, offices, shops, museums, concert halls and even industrial buildings.
First to mention is the Maison Hermés in Tokyo, Japan, by Renzo Piano, finished in 2001 [3]. The
concept of this building was inspired by traditional Japanese paper lamps, and for that purpose the
facade was coated by 13,000 translucent glass blocks sized 428 × 428 × 120 mm and produced to
order for this structure by Seves company, see Fig. 1. This skin has also significant acoustic effect,
providing insulation from the street noise of the busy streets.
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a)
b)
Fig. 2 Station of the Orselina-Cardada cableway, Locarno, a) Front view, b) Internal steel structure of the station.

Facades made of hollow glass blocks appear not only on administrative or representative buildings
in city centers, but can also be found in public facilities, such as Station of the Orselina-Cardada
cableway in Locarno, Switzerland by Mario Botta, 2002 [4]. Front view of the building is presented
on Fig. 2a) while Fig. 2b) shows details of the interior with visible steel load bearing structure.
Another example of the creativity of architects and the use of the glass block is the project
of Reception Centre of TaiChung named Updown Court in Taiwan by Gong Shu Zhang, Aura
Architects and Associates, 2007 [5]. The building was designed with the idea to create energyefficient and low -maintenance building. This was achieved with the facade created from 31,000
pieces of clear glass blocks, see Fig. 3. The reception center is located in the city and serves as
place where weddings ceremonies, meetings and other events are organized. The resulting energyefficient building creates an oasis of tranquility with its exterior, which is constructed almost entirely
from translucent glass blocks with a wave pattern. This creates an interior flooded with natural light
whilst providing thermal and acoustic insulation.
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a)
b)
Fig. 3 Updown Court, Taiwan, a), b) External appearance of façade, c) Interior of the building.

4

Installation methods for hollow glass blocks
Traditional installation of hollow glass blocks is carried out using cement mortar in similar way the
walls from ceramic bricks are made [7], [8], [9]. Steel bars are inserted into the joints to increase
the strength of the wall. Zinc coated or stainless steel bars might be used to avoid corrosion. The
installation can be facilitated by using plastic spacers which help to keep uniform width of the
joints and prevent contact of the reinforcing bars with the glass. Although it is the cheapest method
and leads to stiff structure resistant to significant horizontal load, it has some disadvantages.
Experience of the workers and precise planning are required. Time necessary for the mortar to get
hard needs to be considered, the cement-based mortar needs 28 days to reach its full strength.
For these reasons, alternative methods have been developed by various companies, see Fig. 6.
These are either based on using silicone glue and aluminum/plastic components or using plastic
components joined without glue combined with steel reinforcement to create a rectangular grid to
which the glass blocks are placed to.

c)

The newest building in this short overview is the Congress Center in Zlín, Czech Republic by
Eva Jiřičná and Petr Vágner, AI Design, 2011 [6]. It is the part of Cultural and University Centre
and serves multiple functions: concert hall, conference centre, home for the administration of the
Philharmonic Orchestra, the Centre’s own offices, rehearsal and recording studios, exhibition
spaces, and bars. The main hall accommodates 850 seats. Since the building is situated close
to a major intersection, the main auditorium had to be fully isolated from all external noise and
vibrations. This was achieved by the plan arrangement where the oval central space is surrounded
by offices, rehearsal rooms etc., all in need of natural ventilation and daylight. Another external
layer created from hollow glass bricks was required to provide extra sound insulation, sun
protection and to create visual effect, see Fig. 5.
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The main advantage of using steel supporting structures for building envelopes made of
transparent materials such as flat glass, hollow glass blocks, plastics (e.g. PMMA, ETFE foil) is
their shape variability, low self-weight and subtle construction, which does not interfere the flow of
the light to the interior of the building. However, concrete frames or masonry can also be used for
this purpose.

c)

Beautiful combination of steel load bearing structure and hollow glass blocks on building facade
is Sabah Media Centre in Izmir, Turkey by Halidun Uyak, 1996. The facade consists of 3D steel
supporting structure to which the facade is attached. It is made form 9,900 pieces of glass blocks
decorated with wavy pattern, see Fig. 4.

a)
b)
Fig. 4 Sabah Media Centre in Izmir, Turkey, a) Exterior, b) Interior, c) Detail of the steel structure.

a)
b)
Fig. 5 Congress Center Zlín, a) Overview of the building, b) Night view.

•
•
•
•

Quicktech [10], Block Lock [11] and Quick Fix [12] Systems by Seves are based on joining the glass
blocks with plastic profiles using single compound glue. No steel reinforcement is used.
Vitralock System [13] by Seves is dry installation system consisting of two plastic pieces, the spacer
and the connector. No glue is used. Creation of curved walls is not possible with this system.
Ezylay Silicone System [14] by Glass Blocks Construction is another system using T and X shaped
spacers and aluminum stiffeners which are bonded by silicone glue.
Metal Joint Installation System [15] by Electric Glass Building Materials is based on using aluminum
stiffeners to which glass blocks are bonded by silicone glue.
These methods are mostly suitable for small areas (windows replacement, etc.) and are used
mostly in interiors. The joints of the wall need to be filled with grout for ceramic tiles or silicone
sealant. It represents an alternative solution in situations when waterproof finishing is required,
as in bathrooms. These systems provide much smaller joint thickness from 2 to 5 mm therefore
allow more light to be transmitted through the wall compared to traditional method where the joint
thickness is not smaller than 10 mm.
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		 a)			 b)				c)
Fig. 6 Installation methods for hollow glass blocks, a) The traditional method [7], b) Quicktech System [10], c) Vitralock System
[13].

5

Test of wall assembled with Vitralock System
Test of the wall assembled with Vitralock system was performed at laboratory of Faculty of Civil
Engineering, CTU Prague [16], [17]. The system is intended for indoor use and certainly might be
used as the interior layer of double layered facades. However, there seems to be no reason for the
limitation of indoor use and application for single skin facades is considered. The performance of
the wall exposed to horizontal load was investigated by the test.
The partition walls might be acting as a barriers and are loaded by horizontal line load as given
in [19]. According to this standard, the magnitude of the line load depends on the occupancy,
for apartments, offices, restaurants and similar use (Category A, B and C1), the load should be
considered equal to 0,5 kN/m, for lecture rooms, museums, shops and other buildings where
people may congregate (Category C2-C4 and D) it should be 1,0 kN/m and load equal to 3,0 kN/m
should be considered in areas susceptible to large crowds (Category C5). These loads represent
characteristic values. This type of load should be applied also on the interior of the facades. In
addition, the wind load (positive or negative pressure) is applied on the exterior surface.

Experimental Tests

Another method of application should be also mentioned. Prefabricated panels of various size
assembled by the traditional method are available from various glass blocks manufacturers. They
are placed in metal frame and should be installed in the window opening the same way as standard
windows. Size of the panel is limited by the size 6 by 4 glass block to limit the weight, which is 83
kg in this case [16].

a)		
b)
Fig. 7 The Vitralock system used for the wall assembly, a) The components of the system, b) The grid before the blocks are
installed.

The wall was reinforced by steel bars diameter 5 mm located on both surfaces. The yield limit of the
steel was 235 MPa, ultimate strength 360 MPa and ductility 26% according to material certificate
[20]. The bars are located in the grooves of the plastic spacers.
The Vitralock system allows arranging the reinforcing bars in either vertical or horizontal directions,
therefore the loaded side was reinforced by bars in vertical direction and the non-loaded side by
bars in horizontal direction. In this arrangement, the active reinforcing bars (i.e. the bars loaded in
tension) span over the large dimension of the wall.
The reinforcing bars were anchored to the timber frame. The end of the bars was bended at 90
degrees (at least 80 mm of the bar was used to create the L-shaped end) and clamped by the
spacer which was attached to the timber frame by 4 screws 4×35 mm located in the holes of the
spacer, see Fig. 7a. No pre-drilling of the holes in the timber frame took place.
The wall was firmly connected to the ceiling represented by rigid steel frame by three sets of
wooden wedges., see Fig. 9a. Horizontal deformation of the top of the frame was measured during
the test but no displacement was recorded which proves there was no movement of the supports of
the wall during the test.
The joints were filled by grout for ceramic tiles. Commercially available grout for joints width 2 to
20 mm of beige colour was used which is suitable for indoor and outdoor use (facades, swimming
pools, etc.).
The wall was assembled in the same way it would be used in real building adopting the procedures
and recommendations for the Vitralock system [13].

The wall was assembled in the laboratory using 12 rows, each containing 14 glass blocks sized
190×190×80 mm. The dimensions of the wall were 2,81 m (width) and 2,42 m (height). The wall
was fixed to a timber frame made from 50×80 mm sections, see Fig. 7. `

Fig. 8 Dimensions of the wall, location of the load (No. 5, 6, 8, 9) and the displacement transducers (No. 1-10).
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Fig. 10 The load procedure.

a)
b)
Fig. 9 The tested wall, a) The completed wall prior to filling of the joints, b) The wall during the test.

The wall was loaded by horizontal load at height 900 mm above the floor, see Fig. 7b) to represent
the line load described earlier in this chapter. This arrangement was chosen as it was easier
to introduce and control the load compared to wind pressure which represents load uniformly
distributed over the total area of the wall. Moreover, the total wind load for typical office building
according to [21] (only simplified prediction of the wind load for terrain category III or IV, wind
velocity up to 30 m/s and wind pressure applied to the wall of building on the area D - see cpe
factor- at height 30 m above the ground is given here) is

which is smaller than the total highest horizontal line load for category C5 according to [19]

The behaviour of the wall was linear for small deformations (up to 3 mm). Assuming the limit for
horizontal deformation according to [22] is

the load to reach the limiting deformation was 3,58 kN which correspond to line load 1,27 kN/m.
At the horizontal deformation approx. 10 mm first crack in the joint sealing appeared which grew
in the following load cycles, see Fig. 13c. As the load increase, highly non-linear behaviour and
significant permanent deformation was measured after each cycle, see Fig. 11. This is caused by
plastic deformation of the spacers and connectors (bearing stresses on the contact) and slip of the
reinforcement at the anchoring to the timber frame, see Fig. 13a and 13b. Local damage of the
spacers at anchoring of the reinforcement was also observed but no yielding of the reinforcement
was found even for the highest load. It should be also considered the wall could not return to its
initial state when the load was removed because of the friction arising in the loading system. If
this could be avoided, the permanent deformation would be smaller, however, it is not possible to
estimate this effect. The permanent deformation was probably also influenced by small pieces of
broken joint filling which were stacked and prevented the return of the wall to initial shape. This
would improve if silicone sealant would be used.

The situation giving the higher load was therefore considered as more critical.
The load was introduced by single hydraulic jack and distributed by steel beams to 4 points in the
middle of the glass blocks (marked as numbers 5, 6, 8 and 9 on Fig. 8). The distance between the
loads was 585 mm.

However, the wall was able to resist the maximum load 8,8 kN (this corresponds to line load
3,13 kN/m) which resulted in horizontal deformation of 93 mm when the loaded hollow blocks at
locations No. 6 and 8 were pushed out of the Vitralock grid, see Fig. 8. The test was stopped for
this reason.

Horizontal deformations at 10 locations were measured during the test, see Fig. 8 for the location
of the transducers. The load was applied in 22 cycles. The loading was controlled by horizontal
deformation at the point number 7. As soon as the required deformation was reached, the constant
deformation was maintained for 1 minute and then the wall was unloaded. The magnitude of the
load increased over the load cycles, see Fig. 10.
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a)
b)
c)
Fig. 13 Details of the damage of the wall after the test [17],
a) Crack of some connectors after the test, b) Deformation of the reinforcing bar at the anchoring, c) Cracks in the joint.

Fig. 11 Load - deformation diagram for the point 7.

6

Conclusions
Load-bearing test of partition wall made from hollow glass blocks using Vitralock system exposed
to horizontal load was performed and is described in this paper. The experiment shows linear
behaviour for small loads but no-linear response was found in later stages of the test. Cracks in the
joints appear with increasing load but they do not indicate failure or reduced strength. When cracks
in the wall joins should be avoided as the may represen an aesthetic problem or have influence on
the durability in wet environment (bathrooms, facades) an elastic silicone sealant should be used to
replace the grout for ceramic tiles used for the test
Highly non-linear behaviour was observed at later stages of the test when permanent deformations
were also encountered. However, the wall was able to resist the applied load up to maximum load
8,8 kN (corresponding to 3,13 kN/m). Failure of the wall was observed at horizontal deformation 93
mm (i.e. L/26) when the hollow bricks wwere pushed out of the Vitralock grid.
The test proved the Vitralock System is suitable for partition walls and facades loaded by horizontal
load (wind load, pressure induced by humans), however, the serviceability limit state (horizontal
deformation) is the limiting design criteria. Development of design model is in progress at CTU in
Prague. The model is based on component method commonly used for design of steel beam to
column endplate joints. The model would be used to determine the resistance of the wall of variable
dimensions and to predict the deformation of the wall exposed to (any) horizontal load.

Fig. 12 The wall after the test.

7
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Building envelopes are becoming more and more high engineered systems that need to meet
strict requirements regarding architectural intent, structural capacity, energy-efficiency and comfort,
durability etc.. In this regard, the research study presented in this paper assess the performance of
novel engineered unitised systems for curtain walls, as compared to traditional aluminium unitised
systems with infill panels. The proposed facade systems instead has a sandwich design, made of
two outer glass face sheets bonded to glass fibre-reinforced polymer (GFRP) pultruded profiles. This
arrangement results in a lightweight and slim structure that can potentially provide high structural and
thermal performances. Finite Element (FE) numerical results, summarised in the paper, give evidence
of the potential of the novel design concept, with improved thermal and structural performances
compared to traditional non-integrated systems (up to +10% and +15% the reference performance
parameters, respectively). Future work is needed to take into account further facade design aspects,
as those related to installation, re-glazing, durability, climatic loading etc.

Keywords: GFRP-glass sandwich panel, Unitised Facades, Thermal performance, Mechanical
performance, Numerical modelling

1

Introduction and state-of-the-art
The design of transparent unitised facades (Figure 1(a)) nowadays requires a more
multidisciplinary approach that takes into account multiple performance requirements, including
structural performance and safety, energy efficiency and occupant comfort, water and air tightness,
durability, fire resistance, installation, maintenance, re-glazing and whole life costs (Jin 2013; Bedon
et al. 2018a; Bedon et al. 2018b; etc.).
Existing regulations encourage the reduction of energy use in buildings (EU Directive EPBD
31/2010), resulting among the others in most instances in the reduction of heat transmission losses
by minimising the thermal transmittance of the building envelope (especially for highly glazed
buildings). Curtain walls can be responsible for a major part of building thermal losses, e.g. by
thermally bridging the inside/outside of the building through their highly conductive metallic framing
components (Ge 2002 and EN ISO 10211). Hence designing optimised framing components
with improved thermal properties can be beneficial to both energy savings and occupant thermal
comfort. At the same time, structural requirements should be however accounted (Bedon et al.
2018c).
In order to improve the thermal performance of the facade components, the use of materials with
reduced thermal conductivity, such as plastics or Glass-Fiber Reinforced Polymers (GFRP), can
represent a valid alternative to traditional steel or aluminium frames, and can be crafted into various
shapes, giving a large freedom of engineering design (Jesus et al. 2013; Cordero 2015; etc.).
Additionally minimising the frame sizes (width and depth) can be beneficial not only in terms of
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The aim of this paper - derived from a research collaboration started in 2016 between University
of Cambridge (United Kingdom) and University of Trieste (Italy) - is to investigate structural
(deflections, stresses and self-weight) and thermal (U-value,ψ-value and condensation risk)
properties and performance of a novel GFRP-glass sandwich panel for unitised construction. The
panel is designed in such a way that two glass face sheets are bonded to glass fibre-reinforced
polymer (GFRP) pultruded profiles. This arrangement results in a lightweight and slim structure that
potentially provides high structural and thermal performances. Due to its facade application, design
optimisation of these sandwich structures should take into account combinations of geometrical,
thermal and mechanical properties for each component. Therefore Finite Element (FE) numerical
analysis is adopted to perform a sensitivity study to understand the influence of the different design
parameters of this novel facade system, resulting in 400 parametric configurations, which are
partially herewith presented.

Experimental Tests

energy efficiency and thermal performance, but can enhance view out and relatively daylight, as
well as achieving the architectural intent of slim curtain wall system and profiles. Such design goals
strictly influence structural aspects as well, whereas an appropriate choice of materials, shape and
size of the profiles, careful attention for detailing their supports and movement accommodation, is
required to ensure appropriate load-bearing performance and contain the deflections of the facade
system (Speranzini & Agnetti 2013; Bedon & Louter 2018; etc.).

of glass curtain walls subjected to various mechanical loads, see for example (Behr 1998; Navar et
al. 2013; etc.). Although limited research studies are available in the literature about the interaction
between structural and energy efficiency requirements within the design of structural frames of
innovative unitised systems.

3

Parametric numerical investigation
3.1. Reference systems
Three different frame configurations are considered for the same unitised glazing panel size (width
B=1.5m, height H=3m):

D
E
F

frame-integrated sandwich GFRP-glass solution (Figure 2(a));
non-integrated layered GFRP-glass solution (Figure 2(c));
aluminium-glass capped unitised system as a standard reference solution (Figure 2(d)), equivalent
to b= 60mm wide mullion commercial product.

a)					c)
Fig. 1 a) Installation of traditional non-integrated frame unitised panels for curtain wall systems, with b) connection detail between adjacent facade modular units and c) GFRP-glass design concept, according to (Pascual et al. 2017).

2

Design concept and research goals
Novel GFRP-glass sandwich panels (Pascual et al., 2017) represent a potential solution
to structurally and thermally outperform traditional unitised panels. The GFRP-glass panel
investigated by Pascual et al. (2017) was intended to optimize multi-functional aspects in facades,
and consisted of two monolithic glass face sheets structurally bonded to GFRP pultruded
core profiles (Figure 1(b)). In such a robust and structurally efficient load-bearing component
configuration, it was shown that light transmittance can be largely unimpeded and the air cavity
between the two glasses can offer potential for high thermal insulation – in this configuration the
GFRP component is effectively protected from weathering and acts essentially as a structural
spacer between the glass face sheets. Although the energy and structural performances of façades
are both fundamental for design, so far these performances have generally been mainly considered
as independent aspects. For instance, Zajas & Heiselberg (2014), presented a sensitivity study
aimed at assessing and optimising FRP framing geometry to improve the thermal efficiency of the
glazing. On the other side, several literature documents focus on the structural performance only
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Fig. 2 Sandwich configurations of a) a frame-integrated GFRP-glass sandwich panel, with b) detailed view of a typical
aluminium spacer, with c) non-integrated GFRP-glass and d) reference non-integrated aluminium-glass panels (all dimensions
in mm).

A detailed view on the spacer is shown in Figure 2(b), consisting of metallic tubes with dessicant,
including primary and secondary seals (see also (Van Den Bergh et al. 2013)).
The so assembled, reference frame-integrated GFRP-glass sandwich solution hence comprises
(see Figure 2(a)):

•
•

two outer panes, 10mm their thickness, monolithic (annealed) glass;
an inner pane, 5mm thick, monolithic (annealed) glass;
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•
•

a continuous GFRP frame (two mullions and two transoms) within the two outer glass panes,
with 50×60×5mm hollow cross-section. The GFRP frame namely consists in two vertical mullions
(3m in nominal height H) – allowing for the structural connection to the primary structure – and
two horizontal transoms (1.4m their actual nominal length B, being representative of the internal
distance between the mullions);
adhesive joints bonding the GFRP to the outer glass panels: nominally 2mm-thick adhesive layers;
aluminium spacer tubes with dessicant, with primary butyl seal and secondary silicon one.
The non-integrated GFRP-glass (layered) solution reported in Figure 2(c) has identical GFRP
profile dimensions of the integrated solution, and has a typical triple glazing unit bonded to the
frame. The reference aluminium-glass panel (Figure 2(d)) for comparative purposes consists of a
structural aluminium frame with similar sizes of the GFRP-glass panels object of analysis.
In this first stage of the research study, the design of the unitised system and of the glass panel has
not been optimised for structural and safety purposes, nor for installation, re-glazing and thermal
shock considerations yet. In fact, the use of annealed monolithic glass panes in place of tempered
and/or laminated glass layers able to offer enhanced pre/post-fractured performances can be
rationally justified by the limited magnitude of the assigned external loads. Such an assumption
is in line with equivalent thickness formulations in use for the structural analysis of laminated
glass sections, where monolithic plies can be taken into account for design purposes (Feldmann
et al. 2014). In addition, the thermal performance of the glass panels is only slightly dependent
on their total thickness. Nevertheless, at the same time it is also expected to further extend the
research investigation by including large-displacement scenarios and different mechanical loading
conditions.
3.2. Parametric study
The parameters considered for the sensitivity analysis are the following:

•

•
•
•

geometrical properties of the GFRP profiles:
o GFRP section width b (40mm, 50mm),
o GFRP section height h (40mm, 50mm, 60mm, 70mm),
o GFRP section thickness t (1/10, 1/15, 1/20 of the maximum section size, i.e. from 2 to 7 mm),
type of adhesive (structural silicone, acrylate, epoxy),
adhesive thickness tadh (1mm, 2mm, 3mm),
spacer details (aluminium bar, steel bar, thermoplastic spacer).

Experimental Tests

•

•

Structural boundary conditions
o Short-term wind pressure (1kN/m2)
o Supports at the panel corners
o External loads distributed between the three glass panes, by accounting for gas cavity (‘load
sharing’) effects
o Internal (climatic, i.e. temperature variations) loads are neglected

•

Thermal boundary conditions
o Relative Humidity: 65%
o External condition: T= 0°C, surface heat transfer coefficient he= 23 W/m2K
o Internal condition: T= 20°C, surface heat transfer coefficient (glass) hi = 8 W/m2K
Table 1 summarises the performance metrics adopted to evaluate the parametric study.

Table 1: Performance metrics

4

Numerical modelling assumptions and methodology
The full numerical investigation is carried out in ABAQUS/Standard (Simulia). Two separate FE
simulations are implemented to evaluate the thermal and structural performance of each facade
configuration. Due to symmetry, only 1/4th of the panel is numerically simulated in both the cases,
with appropriate thermal/mechanical boundaries and symmetry constraints.
4.1. Thermal analyses
Typically, thermal simulations are carried out in steady-state heat transfer analyses, carried out on
FE models composed of 8-node brick solid elements (heat transfer elements, DC3D8 type from
ABAQUS library). In accordance with the schematic drawings of Figure 2, solid elements with
thermal properties summarised in Table 2 are used. Assuming the modular system being part of a
continuous facade, the presence of a linear silicon gasket on the external face of GFRP mullions is
also schematized, see Table 2 and (Asdrubali et al. 2013; Bedon et al. 2018).

In this paper, FE models with structural silicone adhesive joints and aluminium bar spacers are
primarily discussed. As far as variations in the adhesive material and/or thickness and spacer
features are considered, additional extended discussion would be required, since major effects
manifest in a combination of thermal and structural performance modifications. In terms of adhesive
material, the joint shear stiffness is in fact strictly related to the bending performance of the
reference modular unit. Variations in the adhesive thickness tadh have both structural and thermal
effects, that should be combined with material properties. The spacers features, finally, further
affect the thermal performance of the modular units object of analysis.
3.3. Boundary conditions
Structural and thermal numerical analyses are developed by taking into account the loading and
boundary conditions herein described:
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Table 2: Thermal and mechanical material properties for FE modelling (ABAQUS). T= thermal; S= structural; (*)= structural
silicone
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4.2. Structural analyses
The static bending performance of the examined facade systems is assessed under ordinary wind
loads. To this aim, the typical FE model consists in C3D8R solid elements from ABAQUS library.
The module components having a crucial role for the thermal performance assessment, but mostly
negligible mechanical contributions, are fully neglected, hence the typical structural FE model
consists of:

•
•
•
•

GFRP or aluminium framing members;
outer and inner 10mm-thick glass panes;
a middle 5mm thick glass layer;
a set of bonding adhesive joints.

Experimental Tests

FACADE 2018 – Final Conference of COST Action TU1403 “Adaptive facades network”

In the case of the aluminium curtain wall only (Figure 2(d)), a special attention is spent for the FE
description of gaskets and additional details, in accordance with commercial technical system
specifications.
Since the imposed external load is of limited magnitude, for the modular unit object of analysis,
the materials are mechanically characterized by linear elastic constitutive laws, as also reported in
Table 2 and (Bedon et al. 2018). For the GFRP members only, an orthotropic mechanical model is
taken into account (engineering constants option from ABAQUS library). Finally, for the reference
system in Figure 2(d), the gaskets are described as rubber components (i.e. EPDM type), with a
linear elastic behaviour (30MPa the nominal modulus of elasticity, and 0.3 its Poisson ratio).

5

Discussion of numerical results

Fig. 3 Force-displacement response of the selected facade systems, including total U-values (ABAQUS).

5.1. Integrated vs. non-integrated system performances
In Figure 3, a selection of FE results is compared for the geometries schematized in Figure 2. The
load bearing performance is highlighted by giving evidence of the actual bending stiffness of each
modular system, as obtained by comparing the total imposed external load with the maximum
deflections at the centre of the glass panel exposed to the wind pressure. In the same figure, the
total U-value (UT) is also reported for the same modular systems.
As shown, the structural capacities of the GFRP-glass sandwich system are promising, especially
in comparison with traditional curtain wall solutions. Maximum deflections of the examined glazing
systems - which are only subjected to a limited external pressures - are mostly negligible (≈H/750)
with respect to the design provisions (H/60 the allowable deflection at the centre of the panel).
Preliminary conclusions on the potential of the GFRP-glass solution can indeed be derived,
compared to non-integrated systems.
Both the bending performances of the sandwich and the layered GFRP-glass systems, for example,
show marked variations in their overall bending stiffness (in the range of 0.53kN/mm and 0.30kN/
mm respectively). The activation of the bending contribution of the outer glass layers due to the
sandwich configuration, in this regard, results in an overall stiffness up to 1.8 times larger than
the layered GFRP section. In addition, the sandwich system offers minor local bending effects
compared to the layered one, hence resulting in a more stable bending performance.
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Table 3: Thermal and mechanical material performances of selected FE models (ABAQUS). T= thermal; S= structural

FE

Parameter

GFRP sandwich

GFRP layered

Curtain wall with

Table 3: Thermal and mechanical material performances of selected FE models
(ABAQUS). T= thermal;
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FE
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T
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T

GFRP sandwich
GFRP layered
UC at the centre of panel [W/m2K]
0.99
panel
panel
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1.26
UC at the centre of panel [W/m K]
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0.92
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surface temperature Tmin [°C]
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2
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Condensation
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weight w[mm]
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total thickness

84 (≈H/35)
(BxH module)
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(BxH module)Module bending stiffness [kN/mm]
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aluminium frame
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1.38
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0.30
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mostly identical cavity and sealant spacer detailing, offers a safer temperature distribution (see
also Figure 4) and suggests
the higher analysis
potential
also in terms
condensation
Thermo-mechanical
of GFRP-glass
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facade
components risk.

Thermo-mechanical analysis of GFRP-glass sandwich facade components

a)

b)

c)

Fig. 4 Cross-sectional detail of temperature distribution (ABAQUS, legend in °C), as obtained for the a) GFRP-glass sandwich,
Fig. 4 Cross-sectional detail of temperature distribution (ABAQUS, legend in °C), as obtained for the a) GFRP-glass sandwich, b) GFRP-glass
b) GFRP-glass layered and c) non-integrated
curtain wall with
aluminium
systems.
layered and c) non-integrated
curtain
wall withframe
aluminium
frame systems.

•
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FE results are proposed in Figure 5 in the form of total UT value, as a function of the Ru ratio, being defined as:

2) or in the supporting frame members (with H/125 - or H/175 for frames sustaining glass panels
edges - the limit value, or anyway H/200)

In this study, given that the glass panels and the GFRP frame members for the proposed sandwich
solution are expected to work in the form of a composite system, with respect to the traditional
aluminium-framed curtain wall, the Ru ratio of Eq.(1) is taken into account as a parameter well
representative of the overall flexibility of the system. Such a non-dimensional ration, in addition,
allows for comparative discussion of results for the full set of examined geometrical and mechanical
configurations, being inclusive of flexibility effects deriving from the deformation of the framing
members, as well as of the glass panels or the interposed adhesive joints. For the parametric FE
configurations investigated through the full research study, the assigned wind pressure typically
resulted in small deformations, in the range of H/400-to-H/1300 in terms of deflections at the centre
of glass panels.
As far as the size and/or thickness of GFRP framing members decreases, see Figure 5, marked
variations in the expected bending stiffness are recorded, leading to mostly grouped b×h FE dots
for each set of framing configurations. The adhesive joints thickness, in this regard, proved to have
limited effects on the mechanical performance of the examined systems, as also emphasized by
the (Ru, UT) linear trend of the selected FE dots. Largest Ru variations with tadh, still in the range
of 1-3%, were observed for the 50×70 framing members, compared to the 40×70 solutions. Worth
of interest, in Figure 5, is the bending performance of the set of b=40mm frames with t=3.5mm.
There, the GFRP frame members are so flexible (compared to the full sandwich system) that an
increase in tadh results in an increase of Ru, hence resulting in a beneficial structural effect for the
overall assembly.
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In terms of thermal performance assessment, it can be clearly noticed in Figure 5 that decreasing
the adhesive thickness tadh typically manifests in increase of UT values. In any case, for the
analysed cases (h=70mm), given same the frame section width b and type of adhesive, variations
in tadh contribute to vary the UT values only marginally, in the order of 3-4% absolute scatter.
In conclusion, both the examined GFRP framing members and the adhesive joints thicknesses
typically resulted in minor variations of the total transmittance values UT, hence suggesting a mostly
stable thermal performance for the investigated modular units.
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the Ru ratio of Eq.(1) is taken into account as a parameter well representative of the overall flexibility of the system.
Such a non-dimensional ration, in addition, allows for comparative discussion of results for the full set of examined
geometrical and mechanical configurations, being inclusive of flexibility effects deriving from the deformation of
the framing members, as well as of the glass panels or the interposed adhesive joints. For the parametric FE
configurations investigated through the full research study, the assigned wind pressure typically resulted in small
deformations, in the range of H/400-to-H/1300 in terms of deflections at the centre of glass panels.

Fig. 5 Selected parametric results for sandwich GFRP-glass systems (ABAQUS), as obtained by changing the frame and
adhesive joint sizes. Variations of UT values. All dimensions in mm.
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When the linear heat transfer coefficient ψ is considered,even largest sensitivity of FE results can
be noticed, to the geometrical features of the modular components, see Figure 7. While ψ still
increase with tadh decrease, like for the corresponding UT values, variations in the order of 30%
were calculated for each grouped set of configurations. In this context, it is possible to perceive
the importance of coupled thermal and structural considerations for the optimal design of similar
systems.

Experimental Tests

This is not the case of temperature performance assessments. When the temperature distribution
is explored for the same GFRP-glass systems, largest sensitivity of FE results was in fact found
to derive from even small geometrical variations of the modular components. In Figure 6, the
same selection of FE model predictions is proposed in the form of Ru values, as a function of the
minimum recorded surface temperature Tmin. In the figure, the reference temperature to ensure a
possible condensation risk is also emphasized, as also in accordance with the EN provisions. As
shown, the selected FE dots are still grouped by geometrical input parameters, having a crucial
effect on the bending stiffness of the modular units and hence on the corresponding Ru values.
Some important outcomes can indeed be derived from Figure 6. First, it can be seen that only
for some of the selected geometrical configurations the condensation risk can be prevented. In
addition, the (Ru, T) linear trend suggests an highest sensitivity of measured temperatures, with
respect to the UT values of Figure 5. Differing from Figure 5, a decrease in the adhesive thickness
tadh is typically associated to a decrease of temperature T (-3-4% the measured temperature
variations, for each group of framing sections, when moving from 1mm to 3mm of adhesive
thickness).

Fig. 7 Selected parametric results for sandwich GFRP-glass systems (ABAQUS), as obtained by changing the frame and
adhesive joint sizes. Variations of ψ values. All dimensions in mm.

6

Conclusions
In this paper, a Finite Element (FE) study aimed to assess the potential and feasibility of a novel
GFRP-glass sandwich facade component was reported, based on parametric thermal and
structural numerical simulations. In particular, the thermo-mechanical performance of novel GFRPglass sandwich components was assessed towards two selected systems, namely consisting
of a traditional aluminium curtain wall and a non-integrated, GFRP-layered curtain wall system.
A concise sensitive study was then briefly discussed, as obtained from an extended parametric
investigation.

Through the parametric FE simulations herein discussed, in conclusion, variations in the maximum
stresses ο achieved in all the modular unit components were also typically observed, being strictly
dependent on the flexibility of the assembled systems. Given the limited magnitude of the imposed
wind pressure, however, such a kind of variations was generally associated to a full linear elastic
performance of the modular members. It is expected, in this regard, that the discussion of sensitivity
studies could offer additional background for the optimisation of the GFRP-glass sandwich design
concept, as far as further thermo-mechanical loading and boundary configurations are explored.

As shown, the GFRP-glass sandwich system proved to offer enhanced structural performances,
compared to the GFRP-layered and aluminium solutions. Even small variations in the geometrical
and / or mechanical properties of the modular unit components, on the other hand, gave evidence
of a certain sensitivity of both structural and thermal performance parameters for the same facade
systems, hence emphasizing the key role of thermo-mechanical evaluations as well as the need of
additional discussion of parametric FE results.
Further work is needed to carry out a full analysis of the parametric study results, aiming at
understanding also the importance of the shape of the GFRP frame on structural and thermal
performance.
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Thermal assessment of glass façade panels
under radiant heating - Experimental and
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Nowadays, glass is increasingly being used as a load-bearing material for structural components
in buildings and façades. Different structural member solutions (such as panels, beams, columns)
and loading conditions were the subjects of several research studies in recent years. Most of them,
however, were typically limited to experimental testing and numerical simulations on glass elements
and assemblies at room temperature. Thermo-mechanical investigations, inclusive of the temperaturedependent behaviour of visco-elastic interlayers used in laminated glass solutions, as well as the
typical thermo-mechanical degradation of glass properties in line with temperature increase, in this
regard, are still limited. Such an aspect can be particularly important for adaptive façades, in which
the continuous variation of thermal and mechanical boundary conditions should be properly taken
into account at all the design stages, as well as during the lifetime of a constructed facility. Given the
key role that thermo-mechanical studies of glazing systems can pe use of glass in façades, this paper
focuses on Finite Element (FE) numerical modelling of monolithic and laminated glass panels exposed
to radiant heating, by taking advantage of past experimental investigations. In the study discussed
herein, being representative of some major outcomes of a more extended research project, onedimensional (1D) FE models are used to reproduce the thermal behaviour of selected glass specimens
under radiant heating, as observed in the past experiments. Given the high computational efficiency
but very basic assumptions of 1D assemblies, a critical discussion of experimental-to-numerical
comparisons is then proposed for a selection of specimens.

Keywords: monolithic glass, laminated glass, thermal loading, radiant heating, experimental testing,
Finite Element (FE) numerical modelling
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!.
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Dynamic Analysis of Climatic Conditions for
deriving suitable Adaptive Façade responses
Miren Juaristi a), Roel Loonen b) Aurora Monge-Barrio a), Tomás Gómez-Acebo c)
a) Universidad de Navarra, School of Architecture, Spain, mjuaristi@alumni.unav.es
b) Eindhoven University of Technology, Department of the Built Environment, The Netherlands
c) Universidad de Navarra, TECNUN School of Engineers, Spain

Highly insulated buildings, combined with efficient HVAC systems, represent the mainstream approach
to achieve low-energy buildings. However, if façades block energy exchange, the climatic resources
surrounding the built environment remain untapped. Adaptive opaque façades seem promising to
enhance whole building performance while reducing energy demand by their dynamic behaviour. The
usual approach when defining their desired adaptive response is to test independent technologies by
energy simulations, to calibrate their best adaptation range for a specific climate. Such technologyoriented approaches do rarely make a conscious analysis of the potential of local natural resources,
which could lead to a weak adaptation strategy. Besides, the enhancement of combining responsive
elements is usually omitted. This paper proposes a new approach for systematic analysis of dynamic
climatic conditions, aiming to enable better decision-making at early design stages to ensure the
proposed façade solution will have the maximum positive impact. To do so, we analysed the impact of
combinations of climatic agents on the hygrothermal performance and we clustered them into Climatic
Scenarios. Moreover, we examined the influence of studying not only these scenarios but also their
transience. We carried out this systematic analysis for a specific temperate climate and we studied
the sequences of three summer days using a screen tool that links the climate data with promising
Adaptive Façade Responses. We observed how the meaningful candidate multi-responses changed in
the sequence examination due to different past and future scenarios, which strengthen the need of a
Dynamic Climate Analysis to properly define new adaptive façades.

Keywords: Climate response, environmental resources, hygrothermal performance, dynamic
façades, temperate climate

1

Introduction
There is an acute necessity to achieve low-energy buildings in order to meet the energy
conservation and emissions reduction agenda. Such a key challenge urges a paradigm change
for the architecture and construction industry, not only by integrating low-carbon technologies
and innovative solutions (Aschehoug et al., 2008), but also by understanding the benefits and
implications of building with new high-performing elements.
In recent times, a notable part of research in the built environment has focused on the development
of promising building technologies that can improve the energy performance and users’ comfort.
Among the emerging technologies with high potential are adaptive opaque façades (Juaristi,
Monge-Barrio, Sánchez-Ostiz, & Gómez-Acebo, 2018; Loonen, Trčka, Cóstola, & Hensen, 2013).
For instance, with the use of energy simulations, Favoino et al. have demonstrated that by applying
new dynamic components that can adjust the direction and intensity of thermal flux, the annual
energy use could be reduced between 25-35% in Shanghai (Favoino, Jin, & Overend, 2017; Jin,
Favoino, & Overend, 2017), while Park et al. have shown that such technologies could offer a
reduction of 15% to 39% in cooling energy use and 10% for heating in some temperate climates
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Meanwhile, when designing with well-known technologies and strategies in Architecture,
various systematic methods exist to support conscious design decision-making. Generally, the
first approach is to analyse the plot (e.g. climate, urban morphology, local characteristics and
constraints) in connection with the specific needs of the client (Fig. 1). This first holistic study
should enable the utilization of natural resources to get a more energy efficient and comfortable
building. At this early design stage, a comprehensive understanding of the climate resources
plays a fundamental role, and for this reason, several methods and software tools (NREL, 2017;
UCLA, 2017) have been developed that can be used to analyse weather files in relation to climateaware architecture strategies, such as natural ventilation and static shading elements (Belleri,
Avantaggiato, Psomas, & Heiselberg, 2017; Causone, 2016; Upadhyay, 2018). A limitation is that
these methods propose climate-based design solution according to mainstream concepts, while
they are not considering new paradigms such as adaptive building envelopes. These approaches
work well when designing passive static strategies, as they interact with the ambient environment
in the same way all over the year, but it is ineffective for dynamic strategies, that shift from a
protecting to an energy and/or matter exchange role according to the environmental conditions.

Fig. 1 Dynamic Climate Analysis allows the definition of global strategies at first design stages.

Performance Assessment

in the USA (Park, Srubar, & Krarti, 2015). Current approaches for analysing the performance of
adaptive opaque façades are mostly based on assessment of already proposed solutions instead of
the exploration of new ideas (Loonen, Singaravel, Trčka, Cóstola, & Hensen, 2014). Such studies
can be used for sizing of components and fine-tuning of configurations, but tend to be carried out in
the later phases of building design or product development when many of the important decisions
have already been made. As a consequence, it can be argued that many of the decisions are
based on intuition instead of analysis, and that fundamental links between calculations and
architects or façade engineers are missing, which hinders the successful application of such
technologies in construction. One of the most evident problems is that designers, who aim to design
an adaptive façade at the initial design stage, have little guidance and no decision-support tools
to make strategic choices about suitable adaptive façade responses for the given location, without
running a detailed building simulation that would normally be incompatible in terms of (i) simulation
time and (ii) input requirements for physical properties and control strategies.

reduced in order to make a good choice of responsive technologies, even if this dynamic analysis
would be only a first stage study that needs to consider the other relevant actors in the further
design process (Fig. 1).

2

Research methods
Several research steps were carried out to conceive a new approach to study environmental
resources that interact with Adaptive Facades, consisting of (i) a critical evaluation of the
capabilities and limitations of existing climate analysis tools (section 1), (ii) formulation of the
requirements based on analysis of dynamic characteristics and considerations that need to be
taken into account (section 3.1), (iii) identification of potential development directions, and (iv)
iterative development of the approach, using a concrete case study as an example (section 3.2 section 4).
We detected that the main limitations of current methodologies were that existing climate analysis
tools (a) suggest mostly mainstream concepts, (b) summarize the variations of the climate
in averages or cumulative values and (c) as a consequence do not capture the transience of
environmental agents. Besides, detailed simulations are (d) too time consuming and (e) need high
definition of the envelope regarding their properties, which usually is not developed at first design
stages.
All the same, it is important to consider the following three aspects when applying climate analysis
to identify the suitable dynamic behaviour of adaptive building envelopes:

•
•
•

The combined impact of different climatic agents on the hygrothermal behaviour,
The transition characteristics from one scenario to another (climatic sequences),
The frequency of these sequences and the time of the day/year at which they occur.
Different development directions for the new dynamic climate analysis approach were examined
in an iterative way, by testing ideas and gathering feedback on the basis of a hands-on case
study. To face this challenge, we chose the location of San Sebastian, Spain, and we compared
the climatic conditions of each season. This was done by analysing Typical and Extreme weeks
(U.S. Department of Energy, 2017) of the Typical Year Weather Files IWEC2, which are based
on measured data between 1983-2008 (Huang, 2011). We verified how the dynamic climate
analysis, which considers both the combined impact of different climatic agents and the transition
between different climatic scenarios, affects the desired façade response, and how such effects
can be visualized. Therefore, one of the initial research steps involved clustering different
combinations of climatic agents into Climatic Scenarios (CS), according to a set of ranges and their
relevance in the hygrothermal performance (section 3.1). The analysis of these clusters enabled
the detection of the diversity of scenarios in this climate and the differences between seasons.
Secondly, we demonstrated the relevance of studying the transience between different CS and
we examined visually the climatic sequences of three summer days (section 3.2). Finally, through
the development of a mock-up of a software tool, we assessed how the previous environmental
conditions and future trends modify the characterization of the hygrothermal performance of the
façade and therefore, the suitable Adaptive Façade Response (section 4).

The aim of this paper is to propose a new methodology, which is under development, that analyses
the dynamic/periodic characteristics of a specific climate (section 3) in order to support the design
of suitable Adaptive Façade Responses (section 4). Thus, the design option space will be efficiently
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A systematic analysis of dynamic climatic conditions
3.1. Including the adaptive and dynamic aspects in the climate analysis
The dynamic analysis of climate conditions can help to define the most promising Adaptive Façade
Response (AFR) of an opaque façade focused on its high hygrothermal performance, as such an
analysis considers the impact of different combinations of climatic agents, not as isolated events,
but as transient episodes. This new approach could help to determine (i) the suitable multifunctional
adaptive behaviour, (ii) the operational scenario at which this AFR should take place (i.e. when a
function should be activated or deactivated), (iii) the adaptation range that would be necessary to
meet the demands in all the relevant circumstances, and (iv) the speed of adaptation that would be
required for an optimal performance.
The first step to find the promising multifunction combinations is to analyse the diversity of CS along
the whole year for a specific climate. Climatic Scenarios were defined in this study by dividing
relevant climatic agents (solar radiation, air temperature, wind velocity and humidity content)
into ranges with the use of threshold, and looking at their combined impact on the hygrothermal
performance of the building. For example, at an ambient air temperature of 16ºC, the indoor
environment is not always affected in the same way. Whether thermal exchange is desirable or
not depends on the amount of solar radiation that is concurrently available, as well as the possible
convective losses as a result of wind velocity. Similarly, if it is 22ºC outside, then it looks profitable
to have a thermal exchange between indoor and outdoor environment, unless the solar radiation
is causing the overheating of the surrounding environment of the façade, or the wind action is
not enough to avoid that possible overheating scenario. Consequently, depending on the specific
combination, the impact of each climatic agent on the hygrothermal performance will vary, and
therefore it should be analysed in an integrated way to facilitate scoping of the suitable adaptive
façade.

Performance Assessment

3

However, as it is summarized in Fig. 2, most of the times air temperature has the highest impact
on the hygrothermal performance of opaque façades related to achieve comfort, followed by
solar radiation, while wind velocity tends to modify the overall performance in a secondary way.
The humidity has the lowest impact unless when considering evaporative cooling strategies or in
overheating periods with high humidity levels.
Therefore, to be able to study in a systematic way the Weather Files and to identify the different
CS, a preliminary boundary definition per each climatic agent was done according to the effect of
each of them on the cooling and heating demand of a residential building. In the light of the results
of Fig.2, air temperature and solar radiation were considered as main lines to differentiate CS. On
the one hand, air temperature was divided into four regions: (A) <13ºC the heating demand would
be generally inevitable, (B) ≥13ºC<16ºC the heating demand could be diminished or avoided if
the other climatic agents enhanced solar heat gains, (C) ≥16ºC<24ºC generally under comfort
indoor conditions, although there might be an overheating risk if solar radiation is high, (D) ≥24ºC
temperature is outside the comfort boundary and a cooling demand or overheating risk is likely to
occur. On the other hand, the influence of vertical solar radiation per orientation (since the research
is focused in AFR) was graded in three levels: (1) <25W/m2 solar radiation has no heating effect
on the interior environment, (2) ≥25W/m2 < 275W/m2 mainly diffuse, but no direct solar irradiance
incident on the façade, so its effect on the thermal energy balance is of moderate importance
(3) ≥275W/m2 there is direct solar irradiance that would significantly enhance solar heat gains.
Combining these two climatic agents, an assessment was made for every scenario to determine
whether the temperature and solar radiation had a positive (+) or negative (-) influence on heating
or cooling demand. In cases where different scenarios had the same effect, they were combined in
order to reduce the total number of CS (Fig. 3).

Fig. 3 Boundary definition when wind velocity is <2,5m/s (3a), when wind velocity is ≥2,5m/s (3b) and naming approach (3c) to
cluster different combinations of climatic agents

Fig. 2 Climatic Agents and their impact ratio on the hygrothermal performance of the façade system
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Besides, the wind effect modifies the impact of air temperature when it is above 2,5 m/s, as it
produces substantial thermal losses (Ibañez-Puy, Vidaurre-Arbizu, Sacristán-Fernández, & MartínGómez, 2017). Indoor maximum recommended relative humidity of 70% and the limit of absolute
humidity in 0,012 kg/kg (EN15251, 2007) makes even more energy demanding and uncomfortable
the scenarios where overheating might occur. With the holistic analysis of the impact of each
environmental agent, final boundaries were set and named accordingly. For example A1=B1 means
that there is not significant solar radiation and that there is a heating demand as the temperature
is below 16ºC with no potential for utilization of solar heat gain. If wind velocity exceeds a value
of 2,5m/s, then this scenario would be even more demanding, as thermal losses would occur due
to convective movements, and it would be called as A1w=B1w, but the adaptive façade behaviour
would still aim to prevent thermal loses. D1=D2=D3 is a scenario with overheating risk, even more
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Despite this CS analysis presented above, the AFR cannot be captured yet, as the suitable
dynamic performance does not only depend on the current situation, but also on the previous
state of the façade and the future boundary conditions. Only by analysing the sequence of CS,
detrimental adaptive reactions can be avoided and climatic resources can be fully exploited. The
study of sequences enables to understand if the building is moving from a more demanding to a
milder situation, or vice versa. For instance, it is not the same to be in a C2 climatic scenario (mild
temperature and no direct solar irradiance) after being in a A1=A2, heating demanding scenario,
or after being in D1=D2=D3, a cooling demanding scenario. The reaction of the façade would be
different (as will be described in section 3), so the whole path from one CS to another needs to be
assessed, as it is shown in the following case study (section 2.2). Moreover, if the façade would
have a forecast-based future prediction ability, AFR could be further optimized scoping the most
probable climate trend.

Performance Assessment

demanding with high humidity (D1h=D2 h =D3 h) that might need a dehumidification strategy, while
if wind would be over 2,5m/s, it might be a profitable resource to face this challenge (D1wh=D2 wh
=D3 wh).

3.2. A Case Study: analysis of San Sebastian´s climate
San Sebastian is a seaside location in the north of Spain, which has a temperate climate (Cfb,
following Köppen-Geiger classification) dominated by the heating season (1885 heating degree
days, with base 18ºC) and with weather conditions that are to a large extent influenced by the
ocean. We used the Dynamic Climate Analysis to explore its climate resources and threats before
defining the suitable adaptive façade responses. We started studying the diversity of different
climatic scenarios, according to the climatic agent combinations (Fig. 4). In total, 16 climatic
scenarios were found and A1(W)=A2(W)=A3(W) and C1(W) scenarios took place in all the typical
weeks. Moreover, Typical and Extreme Winter Weeks were dominated by heating demand and
they had less variety of CS, though the Typical Spring Week, Typical Autumn Week and Typical
Summer Week had both heating demand CS and mild CS. Besides, Typical Autumn Week and
Extreme Summer Week were the most diverse seasons regarding the CS, which could mean a
larger number of different AFRs and higher change frequency. New and more challenging scenarios
appeared in Extreme Summer Week, as overheating periods were even combined with too high
humidity ratios. If the AFR strategy would not address this extreme scenario, as this climate doesn’t
require till now the installation of cooling systems, overheating risk with consequences on health
could happen, or additional active systems could be settled by users, as already occurs in heat
waves and hot spells (Monge-Barrio & Sánchez-Ostiz Gutiérrez, 2018).
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Fig. 4 Cluster analysis. Some climatic agent combinations are not exclusive for one season, which might mean that same AFR
would be desirable for different seasons.

Together, these results provide important insights into the different roles that the envelope should
have in each season in the climate of San Sebastian. In winter, a clear heating demand season,
the façade should act mainly as a protective thermal barrier. In mild scenarios, it could perform as
a selective filter that activates the thermal flux after a more demanding CS sequence, as it occurs
in autumn or spring, and even in summer periods. But to detail more the AFR, it is important to
analyse the specific sequences of CS that happen in those seasons. We took as a case study three
different summer days, two from the Typical Design Week and one from the Extreme Summer
Week in order to compare the implications that it would have to arrive to the same scenario (C2)
from different paths (Fig. 5). On the 3rd of June, this scenario happens firstly at 8:30 and this mild
period, with diffuse vertical solar radiation, comes after a A1=B1 climatic scenario, an overnight
period which has more heating demand. As a result, the envelope develops into a less exigent
scenario. On the 7th of June, this scenario appears firstly at 12:30 and it also supposes a milder
situation, although this time it arrives from a diurnal overheating risk stage (D1W= D2W= D3W)
before going to a warm afternoon with high levels of solar irradiance and wind (C3W). Finally, on
the 17th of July, the C2Wh scenario also introduces a chance to dissipate possible undesired heat
gains that might occur in the afternoon (D1Wh=D2 Wh=D3 Wh), when temperatures are above
24ºC and there is high relative humidity ratios. As the evening is dominated by mild temperatures
and windy climatic scenarios, these natural resources can be exploited to balance the negative
impacts of previous sequences.
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4

Defining the Adaptive Responses of an opaque adaptive façade
Once that the climate data is organized in different CS and the different impacts that CSs will have
according to the previous and future CSs are better understood, a new screen tool was developed
in order to suggest global strategies at initial design stages, considering the combinations of
climatic agents and their transience. The screen tool (Fig. 6) was divided into three sections: the
Dynamic Climate Analysis, where the climatic agents of a complete sequence were classified
according to the defined boundary conditions (Fig. 3), the characterization of the hygrothermal
performance, which shows what ideally the façade should provide at that specific CS and the
Adaptive Façade Response. Whereas the Dynamic Analysis would allow to detect when and how
many times each CS happens (and therefore, the proposed Adaptive Façade Response), the
section of characterization helps to make a holistic input-output analysis, that would enable in
future design stages the comprehensive understanding when defining the control of the Adaptive
Façade, when determining the operational scenarios of these performances and when setting the
boundaries in numerical simulations in validation stages.

Fig. 6 Screen tool to suggest global strategies at initial design stages.

Fig. 5 Sequence analysis. This dynamic analysis is necessary to choose the adequate AFR as previous states and future trends
also determine the suitable performance of the façade.
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The main output of this tool is to relate directly the climate data with suitable AFR. This link is
viable as adaptive opaque façades can react in a limited way to enhance their hygrothermal
performance. Based on literature review, we identified the possible or desirable dynamic responses
that, provided they are properly set, would lead to an optimization of the energy performance and
to a better indoor comfort. Considering the opaque façade as a multi-layer system, the cladding
could change its colour to enhance the solar heat gains. In a ventilated façade, the joints could be
opened or closed depending on the opening degree that is desirable to address the CS, thus to
act as a convective insulation or on the contrary, to dissipate thermal gains (Juaristi et al., 2018).
The insulation layer could be set to minimizing thermal flux or to enable the thermal flux between
the indoor and outdoor environment (Elsarrag, Al-horr, & Imbabi, 2012; Fantucci, Serra, & Perino,
2015; Favoino et al., 2017). Finally, a climate layer could be fitted to store thermal energy (Cabeza,
Castell, Barreneche, De Gracia, & Fernández, 2011), to provide active heating or cooling (Hafez,
2016; Prieto, Knaack, Auer, & Klein, 2017) or to dehumidify the indoor environment (Maeda &
Ishida, 2009; Watanabe, Fukumizu, & Ishida, 2008).
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Conclusions and further researches
The present study is concerned with narrowing down the possible design strategies that could
be pursued when defining an adaptive opaque façade for a specific location. As the suitable
hygrothermal performance of the building does not only depend on the environmental conditions of
a specific instant, this Dynamic Analysis took into account the Climatic Scenarios, as combinations
of different climate agents, but particularly also their transition sequences in order to scope
the suitable Adaptive Façade Response. Moreover, we illustrated the use of a screen tool to
determine the AFR for a chosen sequence, and possible façade configurations were proposed
accordingly. We illustrated the usability of this screen tool by applying it to a specific location, San
Sebastian, and we followed the systematic method to understand in a comprehensive way its
climate resources and threats in three summer days. The current study found out that even if San
Sebastian has a heating demanding dominant climate, there are also promising mild periods in
Spring, Autumn and Summer seasons that make the use of Climate Adaptive Façades advisable.
Even though the tested case study considered only one climate and had a relatively limited
scope, we can appreciate from it that the tool offers novel benefits compared with conventional
methodologies as it is (i) easy to use, (ii) needs only widely available data as input, and (iii) can
provide a type of results/analysis that was impossible to obtain with existing climate analysis tools.
A natural progression of this work is to detect the relevant sequences throughout the whole year,
to focus on the most desired adaptive reactions for this specific location and to determine which
roles could be static, if most of the times their performances are not changing. Besides, in order
to define more accurately the AFR, the speed of adaptation also needs to be detected. For that
purpose, we should analyse in a systematic way the periodicity of relevant sequences. This would
allow an optimal hygrothermal behaviour and it would also help to establish the fatigue life that
responsive elements should have according to the adaptation cycles per year. Moreover, this
methodology needs to be further developed to make the automated application of the tool possible
for other locations. On balance, the former climate analysis tools did not enable the consideration
of the dynamic characteristics of the environmental resources. The approach proposed in this
paper addresses this shortcoming. To demonstrate the validity of the proposed new methodology
in a more comprehensive way, a comparison of the results using both detailed simulations and the
presented tool is needed in further research.
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The results in Figure 6 show the initial design strategy that the screen tool would suggest to face
a sequence from the Typical Summer Week illustrated previously on Fig. 5a (A2=B2 → C2 →
C2W sequence). According to the Dynamic Climate Analysis, the hygrothermal performance was
characterized and using that information we proposed a suitable Adaptive Façade Response. The
Dynamic Climate Analysis revealed that on this cloudy and mild-warm summer day, the wanted
hygrothermal performance of the façade would be to store the thermal energy and to minimize
the energy flux, as it is coming from a heating demanding scenario and there are no overheating
periods in the near future. Accordingly, the insulation would behave as a conservation layer and the
cladding would be set with closed joints to provide a non-ventilated façade. However, if we consider
the sequences from 7th of June or 17th July (from Fig. 5b and Fig. 5c), then the adaptive façade
response would be different for a C2W scenario. Due to the overheating risks, in these sequences
the climatic scenario C2w would require the façade to enable the thermal flux between the interior
space and the exterior. Then, the best AFR would provide a ventilated façade configuration that
boosted convective air movements in the cavity and thereby stimulate thermal loses. To achieve
this performance, as the wind is over 2,5m/s, the cladding would have an open joint configuration
with a continuous, non-rough air cavity. Last but not least, the insulation would be in transmission
mode to enhance the thermal dissipation.
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Optimising parameters for dynamic solar
shading
Christiane Wermke
Institute For Buildings and Energy / TU Graz, Austria, christiane.wermke@tugraz.at

The integration of daylight analysis and building performance simulation together with optimisation
techniques has been a problem for simulating adaptive building envelopes. This is currently only
possible by combining different analysis tools and software as there are no conventional allencompassing programmes available on the market. There have been recent advances in simulating
adaptive façade technologies by combining EnergyPlus simulation software with MATLAB as well as
GenOpt to perform optimisations. This work is adopting software frameworks developed by previous
researchers, applying a similar method but using Grasshopper for Rhinoceros interface. The main
goal of this study is to develop a tool that can help optimise the control of an external shading device
by minimising the energy demand for cooling and lighting (during the cooling period of the year) as
well as maximising the occupants comfort (daylight availability and room temperature). The simulation
tool designed for this work integrates EnergyPlus (by means of Grasshopper plug-in Honeybee)
for building performance simulation as well as Daysim (Grasshopper plug-in based on Radiance)
to undertake daylight analyses and an optimisation plug-in for Grasshopper namely Octopus and
OctopusLoop. The results of the optimized controlled external shading in comparison to static shading
show significant improvements in energy reduction and occupants comfort.

Keywords: dynamic solar shading, optimization, daylight, SHGC, visible transmission, cooling and
lighting energy

1

Introduction
The building envelope is a crucial part of the design of a building, it accounts for (solar) energy
gains as well as energy losses. This is particularly evident for transparent building components as
they allow daylight to partly enter the interior of the building depending on the size of the opening
and the transparency and translucency of the material [24]. Adaptive facades can help improve the
occupants’ comfort whilst minimising building energy by means of dynamic adaptability of façade
components and/or materials [30]. In office building design, glazed façades are highly popular but
can cause thermal and visual discomfort due to large amounts of incoming direct solar radiation
onto the façade [9]. Strategies such as active air-conditioning [31] alongside switchable/adaptive
[10, 11, 14-16] glazing or internal/external solar shades [19, 30] are capable of simultaneously
maintaining the temperatures at comfort level and regulate visual comfort for the users of the
building.
Dynamic adaptive external shades were chosen for this analysis for various reasons. These
include, a) external shades are a conventional method to reduce solar heat gain [7] in rooms,
b) external shades are part of the architectural design in a lot of existing buildings as well new
constructions and c) there are a broad range of control strategies for external shades such as
manual, automated (timer-controlled) control strategies or external shades that work with sensors
for temperature and/or radiation [34].
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Although very beneficial from an energy saving point of view, shading devices applied onto a
window decrease the amount of daylight that will be transmitted through the window [30]. This will
usually result in the reduction of the cooling energy use, but as the availability of daylight will be
affected [20], this will likely result in an increase of energy demand for electrical lighting.
The present work examines an optimised control strategy of an external shading device on a south
facing office room in Graz. It will be looking for the ideal set of parameters namely: Solar heat gain
coefficient (SHGC) and visible transmission (Tvis) for every hour of the simulation period which is
the hottest week during the year in Graz (first week of August).
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Research by A. Prieto [31] found that designers of office building façades prefer to use lightweight
building components with high transparency that rely on active air-conditioning. Besides internal
gains, solar radiation and high external temperatures are responsible for high cooling demands
in office buildings [31]. A climate responsive building design could reduce energy demands for
lighting, cooling and heating by up to 60% by means of orientation, insulation and the use of
exterior shading [31]. The correct operation of shading devices can be crucial for the overall energy
reduction [25]. Research on fixed and dynamic shading found that using an adaptive dynamic
shading have the greatest impact on reducing overall annual energy demands as opposed to fixed
shades or no shading at all [30].

Fig. 1 Geometry of test cell (office room with south facade with 95% glazing)

Figure 2 Sensor for illuminance test in the office

room

Table 1 Physical parameters of the glazing

The choice of a south facing room is to allow maximum daylight access inside the office whilst
limiting solar heat gain. Undertaking this analysis required the creation of a bespoke building
performance simulation tool that allows for dynamic adaption of the shading devices’ angles
during the simulation to control the simulation and optimise the shading by using Grasshopper for
Rhinoceros.
The Energy Performance of Buildings Directive [8] requires all (non-government) new buildings
must be nearly zero-energy buildings by the end of the year 2020. Dynamic adaptable façades
inherit a large potential in contributing significantly to achieve the EPBD’s goal.

2

Simulation Model
The study is conducted using a two people office room (4m x 5m x 3m) with one fully glazed south
facing façade (95% glazing, 5% window frame) for the location of Graz/Austria (Fig. 1). The desired
lighting level is set to 500 Lux (according to ÖNorm EN 12464-1: Lighting of work places pt.1 indoor
work places [18]) constantly (illuminance on work-plane @ 0.75m height in the middle of the room)
when the office room is occupied by one or more employees to allow good working conditions.
There is one sensor point in the middle of the room at the height of an employee’s desktop/workplane (2m;2.5m;0.75m) for the daylight analysis (Figure 2). Work-plane illuminance has been used
as a control strategy for external shading by Fiorito et al. [19]. The occupancy schedule is based
on a typical austrian calendar year including holidays. Employees work 8 hours each day (monday
to friday between 7am and 5pm) allowing for 1-hour lunch break. The physical values for SHGC
and Tvis of combined window and blinds at various angles were calculated with LBNL Window
[23]. The combined parameters for glazing and shading (SHGC, Tvis) are variable and part of the
optimisation whereas the opaque part of the glazed façade consists of a wooden frame that is static
(see Table 1 and Table 2,respectively, for physical parameters). The simulation model shall be able
to switch between glazing only and different shading angles (0°-90°). The different shading angles
represent different values for SHGC and Tvis (see; Figure 3 and Table 2 ).

Software framework and simulation process
Wienold et al. [37] found that simulating daylight dynamically is greatly time consuming and even
more so when shading devices are simulated and concluded that dynamic simulations that
consider different shading positions are not possible with conventional software. He overcame
some of the simulation issues in a later work using a 3- step simulation approach [38] separating
the simulation process into three individual simulations using a database of results from the
previously conducted simulation.
A more advanced simulation method to evaluate the performance of the adaptability of a façade/
façade component was used by other researchers who implemented the receding horizon (or
model predictive) control technique [12, 13, 15, 22, 29, 32, 39] whilst also overcoming the thermal
history management problem [2, 10, 28]. Receding horizon control [29] is a control technique that
involves continually updating predictions and states such as temperatures that are involved in the
decision making process for the optimisation/multi-objective optimisation problem [26] involving the
implementation of algorithms to optimise the façade adaption in multiple steps [27].

Table 2 Parameters for window with different blind configurations according to WINDOW 7.6
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In order to integrate building energy performance with daylight analysis [19] and to overcome
current building performance software restrictions to evaluate the performance of adaptive facades
[12], a bespoke simulation tool was developed using the software add-on Grasshopper (GH) [3] for
Rhinoceros for this study.
The concept of the simulation was adopted from previous research such as Favoino et al. using an
evaluation, an optimisation and a coordination layer [12].
The tool consists of Honeybee [33] a plug-in for Grasshopper, to implement EnergyPlus Version
8.8.0 [4] to run the building energy performance and Radiance based DAYSIM [21] for daylight
analyses. Ladybug [33] was used to read and analyse the epw- weather file [5] for EnergyPlus [4].
These GH-add-ons form the evaluation layer to assess the performance of the shading control for
this study. In EnergyPlus The EMS tool (Energy Management System) [6] was used to simulate the
adaptive behaviour of the shading and hence to allow for different physical parameters during the
simulation. The optimisation layer is composed of the Grasshopper plug-in Octopus [36]. Octopus
was used for the optimisation process. Furthermore OctopusLoop [35] was used to re-integrate
optimised preliminary results of the preconditioning, into the following optimisation loop 2 and hence
allow incorporating the thermal history [17]. The coordination layer is set up by components that are
part of the GH interface.

Figure 4 simulation framework					

Simulation process
The simulation runs in two circles or loops. Loop 1 calculates potential
results for energy demands (cooling, lighting) and takes current weather data (external temperature
in °C, solar radiation W/m2), internal temperature (°C) and (day-) light conditions (Lux) (inside the
office room) into account. The best results for the façade parameters (shading angles) of the ‘preselection’ are stored and used in loop 2 where the actual optimisation process is taking place. The
(stored) parameters (shading angles) of the ‘pre-selection’ will be fed into loop 2 where the (multiobjective) evolutionary algorithm (SPEA-2 core algorithm [36]) of Octopus will pick the combination
of the best parameters (shading angles) for the glazing and shading. The results will then show that
at different times of the day, different properties of the façade parameters are required to reduce
energy demands (especially cooling and lighting) and to maintain the user’s comfort. The simulation
process is rather time consuming for the afore-mentioned reasons. Therefore, the simulation period
was reduced to one week that is the hottest week in Graz during the annual cooling period. The
optimisation however was undertaken on an hourly basis [14].

Figure 5 simulation approach

Weather data The weather file (*.epw) [5] is retrieved from the US-government website for
EnergyPlus for the location of Graz/Austria and data for the temperature (mean, maximum and
minimum temperature in °C) and solar radiation (direct and diffuse radiation) are used within the
simulation environment.

The cost function of the optimisation problem to be solved is as following: The model has previously
been validated undertaking various simulations for the adaptive façade research project at Graz
University of Technology. [1]

3

Figure 6 Weather data Graz (Temperature and radiation)		

Figure 7 Sunpath and sun vectors in Graz on 6th

								

August show the amount of direct solar radiation

								

at each hour of the day (5am- 7pm)

Results
Prior the optimisation simulation, (static) simulations for each shading state including no shading
at all were undertaken for reference. The results shown in Table 3 and Figure 8 show an expected
decrease of cooling energy and a slight increase in lighting energy, respectively, with increasing
closure of the shading slats in front of the glazing for the simulation period of the hottest week in
Graz (3rd to 9th August) for a south-facing façade.
The cooling energy drops at two states significantly, when the blinds start closing at 15° and
when they block the sun vectors efficiently at 45° angle of the blinds. The cooling energy keep

Figure 3 Glazing and straight blinds configuration
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The increase in lighting energy is linear but not as dramatic as the cooling energy for the hottest
week. There is a clear increase in energy demand from 45° closure onwards to 90° when the
blinds are completely closed. The best results however are achieved with the optimised shading
control achieving energy savings for cooling and lighting of close to 42% compared to closed
blinds at 90° (static). What these figures are not representing is the quality and quantity of daylight
inside the office room during active occupancy. Table 4 gives an example of daylight quality of
one representative day during the hottest week at 9am, highlighting the intense morning sun
(glazing only) with potential glare probability (not examined within the scope of this work) and no
useful daylight at all when shades are completely shut (blinds closed at 90°). Not only does Table
4 emphasise different daylight qualities at different shading angles, but it also clearly shows the
potential of a sophisticated shading control that would allow enough natural daylight to penetrate
the office room whilst limiting solar heat gain to heat up the room beyond the comfort level of the
occupants.
Considering a cooling period for Graz from April to September (compare Figure 6, Figure 7
and Figure 10) the overall energy savings for cooling and lighting for an office room with a southfacing façade with a dynamic adaptive solar shading will most likely increase. Figure 9 represents
the schedule of the optimised shading control showing the degree of opening of the shading slats
at every hour of the hottest week in the summer in Graz with internal and external temperatures.
The internal temperatures (TZone in °C) are fairly stable and do not follow the outside temperature
extremes. The shading schedule is adequate to the external temperatures and the shading slats
are more closed with increased temperatures. The schedule during the working week (MondayFriday) ranges mostly between 45° and 90° with few exceptions. Only on the weekend the blinds
are almost fully closed at all times. This result may not show a dramatic improvement for scheduling
external shading devices but proves 1) that significant energy savings with optimised schedules are
possible and 2) that the proposed simulation framework is running as suggested. The actual quality
of the proposed software needs much further investigation such as a) running an annual analysis to
present energy demands not only for cooling and lighting but also heating energy. Further aspects
of the office’s user must be undertaken like a) visual comfort, b) DGP (daylight glare potential),
c) UDI (useful daylight illuminance) to comprehend the influence of optimised adaptive façade
parameters for transparent components.

Performance Assessment

on decreasing the further the shading is closed but the difference is much less (state 45° to 90°)
compared to blinds at 0° to 30° angle.

Figure 8 Energy demand for cooling and lighting for south-facing office room in Graz (hottest week 3rd august to 9th august)

Another aspect that has been neglected within this study is the user acceptance of adaptive
shadings. This study shall solely focus on 1) a strategy/simulation framework to evaluate adaptive
façade components (shading device in this case) and 2) figure out the potentials of adaptive
façades/ façade components and possible energy savings with 3) control strategies.

Figure 9 Shading schedule for south facing façade in Graz (3rd to 9th august)

Table 3 Energy demands for the hottest week in Graz (3rd – 9th August)
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strategy for the blinds. Further thermal simulation shall be conducted on a monthly basis as well
as on a yearly basis to fully understand the potentials of variable and adaptive façade parameters.
Another aspect that should be considered is to take weather forecasts into account in order to
compare a conventional ‘real-time’ optimization process as opposed to an optimized ‘forecast’
scenario. This analysis was based purely on hot weather (cooling period), where unwanted solar
gains onto the south façade play an important role. The adaptability in a cold weather and the
effectiveness of an adaptive façade in a cold climate should be further investigated to allow serious
statements about the energy saving potentials of varying the g-value and visible transmission of
a glazed façade. Control strategies for external shadings using a software framework that adopts
optimisations should be further investigated to fully comprehend the potential of adaptive façades/
façade components and to evaluate optimal schedules and time horizons for the adaptability of
the façades/ façade components. The annual analysis of the variable façade parameters would
further allow to understand what the optimal time steps are to change a façade parameter and
hence would help designers develop facades that could adapt to the changing seasons during
the year or changing weather during the day. The focus of the present work lay on an optimised
control strategy which should be compared with other control strategies such as control rule based
strategies to evaluate the functionality, energy savings and effectiveness of the chosen technique.

5
Figure 10 Lighting levels inside the office during the cooling period

No shading			

00			150			300

450			600			750
Table 4 Illuminance on 6th August @ 9am at various shading angles

4

Discussion
The physical parameters for SHGC and Tvis of the combined glazing and shading at various
angles could be identified using LBNL window software. Based on these parameters the thermal
building simulation combined with daylight analyses were conducted to find an optimal control
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Building envelope systems that integrate Phase Change Materials (PCMs) are solutions aimed at
increasing the thermal energy storage potential of the building envelope while keeping its mass
reasonably low. Building envelope components with PCMs can be either opaque or transparent and
can be based on different types of PCMs and integration methods. In opposition to conventional
building components, these elements present thermal and optical properties that are highly non-linear
and depend to a great extent on the boundary conditions. Such a characteristic requires the system
development and optimisation process during the design phase to be carried out with particular care in
order to achieve the desired performance. In this paper, a review of the existing modelling capabilities
of different building energy simulation (BES) tools for PCM-based envelope components is reported,
and the main challenges associated with the modelling and simulation of these systems through
the most popular BES tools (among them, EnergyPlus, IDA-ICE, TRNSYS, IES-VE, and ESP-r) are
highlighted. The aim of this paper is to summarise the evidence found in the literature of the latest
development in the successful use of BES to replicate the thermal and optical behaviour of opaque
and transparent components integrating PCMs, in order to provide the community of professionals with
an overview of the tools available and their limitations.

Keywords: Phase Change Materials, building envelope, modelling, simulation
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Performance Evaluation of Adaptive
Facades: A case study with electrochromic
glazing
Senem Bilir a),b), Shady Attia a)
a) Sustainable Buildings Design Lab, Department UEE, Faculty of Applied Sciences, Univeristé de Liège, Belgium
b) Technical University of Istanbul, Department of Civil Engineering, Division of Construction Management, Ayazaga Campus,
Maslak, 34469 Istanbul, Turkey

Adaptive facades are performance based envelopes that are able to respond dynamically to climatic
conditions. One of the recognized adaptive façade technologies is electrochromic (EC) glazing.
However, very few studies evaluated the performance of EC glazing on the building level. Therefore,
we selected a case study of a certified educational building with a nearly zero energy building
performance that includes an EC facade. The overall aim of the research is to understand the
performance requirements of EC glazing and its overall contribution to energy saving s and thermal
and visual comfort improvement. The performance of the Swiss International School in Dubai was
analyzed based on interviews with the design and build team, monitored data and post occupancy
evaluation. A systematic process mapping took place to review the performance indicators, simulation
tools and team responsibilities during the design, construction and operation stages of the building.
The paper identifies the key performance criteria of EC glazing in relation to energy and comfort.
Finally, we assess the significance of using EC glazing from a technical point of view and share the
learned lessons for architects and façade engineers.

Keywords: Dynamic façade, electrochromic glazing, post-occupancy evaluation, façade
assessment, monitoring

1

Introduction
Nowadays, there are a great number of dynamic and adaptive façades and envelopes technologies
that are easily available in the market (Loonen et al. 2013 and Attia et al. 2018a). The decision
as to how they are designed, operated, maintained and evaluated remains a challenge. Our case
study presented in this paper aims better understanding of its design process, modeling and real
performance. It will help present the benefits as well as the challenges seen in specific solutions
with respect to energy use, comfort, and user experience. Currently, only a limited number of case
studies of adaptive facades have been evaluated and documented (Attia, 2016a). There are few
studies that performed post-occupancy evaluation for dynamic facades includes Al Bahr Towers in
Dubai (Karanouh & Kerber, 2015; Attia, 2016b), AGC Building in Louvain La Neuve (Samyn & De
Coninck, 2014a), AGC Glass Building (Attia and Bashandy, 2015) and the BIQ house in Hamburg
(Wurm, 2013). The decision as to how they are designed, operated, maintained and assessed
remains undisclosed and this in turn affects the wide expansion and market penetration of adaptive
façades. The paper is part of the research activities of Workgroup 3 of the European COST Action
1403 on Adaptive Facades, which is mainly concerned with the adaptive facades system design
and assessment (Luible 2014). The work group is figuring out how adaptive facades were designed
and assessed during the major project delivery phases.
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2

Methodology and Objectives
The goal of this work is describe in detail the process of design, construction and use of an
adaptive EC glazing façade – in this case Swiss International School of Dubai - and evaluate its
performance. As well as to propose a generic performance process map that could be used as a
visual guideline support by companies in the building industry.
First of all several existing documents were reviewed. The Minergie standards and some
applications have been reviewed (Beyeler et al., 2009; Hall et al. 2016) this includes: Planning and
Project the Minergy-Standard for Buildings. Secondly, the project delivery process was mapped
using the software MindMap to realize global and specific maps. This software allowed drawing
clearly hierarchical scales, tasking charges suite and information flows. To limit the scope of
the process map we focused on the identification and modeling of generic processes that was
associated with the SISD project delivery. The generic process identification can generalize and
used as a check-list to future designs of adaptive facades. Creating a process map involved
systematic data-based interviews. Interviewees where asked to explain exactly what they did
during the SISD project delivery, as well as share their technical challenges and express their
expectations. For every interviewee, a scope was defined identifying the parameters he or she
was dealing with during the project. A technical drawing software program was used to visualize
the process. After completing a first round of interviews, interviewees were asked for feedback
(reviews) and confirmation to validate the process maps.
Finally, a POE following ASHARE-55 survey (2013) was conducted for 43 person (39 responses)
in relation to occupant comfort (visual and thermal) and façade operation. ASHRAE questionnaire
focused on subjective responses of user’s experience with a focus on the clothing and activity
levels and visual and thermal comfort perception. Due to the difficulty to assess the effectiveness of
control strategy with respect to visual and thermal comfort and energy use the POE questionnaire
was amended with questions based on a previous study conducted by Attia et al. (2018b and
2019).The POE was conducted between December 2016 and February 2017 and May and
July 2017 to represent the summer and winter season. Also, we based our assessment on real
measurements following the Fanger ISO 7730 model using the predictive mean vote (PMV) and
predicted people dissatisfied (PPD) methods. Testo Kit for Indoor air quality and comfort level
measurement was used. Also, we conducted several interviews with the architect, façade engineer
as well as the technical control specialist.
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For this paper, different research methods were used for the case study documentation, this
include: literature review, interviews with the architect, façade engineer, glazing manufacturer,
commissioning agents, reviews of standards and codes and systematic process mapping and postoccupancy evaluation (POE). In this context, we present a case study description and technical
details for the Swiss International School of Dubai (SISD) project façade system (Figure 1ab). The
case study provides significant insights of electrochromic (EC) glazing façade design process and
explains the effect of EC glazing on the indoor environmental quality (IEQ) in such harsh climate
conditions of Dubai.

Fig. 1a: SISD Campus general view (Rendering | ARCHILAB – Gabriele M. Rossi Sa), 1b: 110 square meters of electronically
tintable glass installed in the façade of the offices at SISD, Architect: ArchiLab, DSA, UA, Source: dubaioursandbox.com

3

Case Study
SISD is an eco-friendly campus, meeting the sustainable standards and reflects a comfortable and
healthy interior climate with highest standards of energy consumption. The school is located in a
quiet part of Al Jaddaf, close to the Business Bay Bridge, adjacent to Dubai Creek. It has a capacity
to host over 2000 students and received the Happy Healthy School award from the Knowledge and
Human Development Authority recently.
3.1 Concept of the project
SISD is the Middle East’s first low-energy building in the education sector and campus includes
more than 55.000 sq m teaching area and has eight main plants which are: primary school,
secondary and high school, auditorium (700 seats), sport center and boarding house (3 residential
blocks). The design submitted by Archilab - Gabriele M Rossi, with DSA Architects and engineering
services including structural, building services, fire, infrastructure and traffic engineering, plus
sustainability consultancy are provided by WME Consultants. The construction was completed in
2017.
3.2 The envelope
Although it is not formally needed, the client demanded that the primary and secondary school
buildings meet the Minergie (a renowned international certificate for the pursuit of sustainable
standards) use guidelines, together other intimate international and local standards. The primary
school building, which has earned the Swiss MINERGIE certification, consumes one-third the
energy of standard buildings. According to the client’s demands SISD energy concept was
determined in brief: envelope optimization depending on day lighting and load minimization, HVAC
by zone, building simulation and MINERGIE target. Thus, the design team of SORANE SA who
took developing an energy concept for SISD project, also considered efficient protection from
the sun, cooling demand reduction (optimization of the glazed surface), tight envelope, reducing
outside air the strict minimum, using high efficient ventilation systems, controlling the ventilation
schedules (only during occupations), avoiding the use of air cooling systems and increasing chilled
water temperature (higher EER) within the energy strategy of the SISD campus project.
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Highly tight envelope with air well designed air locks;
U value of opaque surface (including spandrel) is lower 0.3 W/(m2.K) (equivalent 10 cm of thermal
insulation);
U value of roof is 0.2 W/(m2.K) (equivalent of 15 cm of thermal insulation);
U value of glazing is 1.0 W/(m2.K);
g value of glazing is 0.16 (SHGC);
Visible light transmittance is 0.3;
U value of framing is 1.6 W/(m2.K).
3.3 Day lighting level
During the initial design of the building envelope the design team wanted to use EC glazing panels
in all four orientations of the façade openings as the base case scenario. However, direct solar
radiation duration (in hours) was found to be too long in Dubai with an increasing effect on cooling
loads (Table 1). The daylight factor was above 1,5% and the 95% autonomy was ensured in most
school classes. In order to ensure daylight and reduce cooling load, it was decided to use EC
glazing in the office building in its North and West Façades of the secondary school (Figure 1b). 110
square meters of electronically tintable glass was installed in both façade with a Window-to-Wall
Ratio (WWR) of 85%. Dynamic glass controls sunlight in order to optimize daylight and maintain
outdoor views while simultaneously enhance occupant comfort by preventing glare and solar heat.
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By using this energy strategy the performance of the envelope can be summarized as followings:

4.1 Swiss International School of Dubai Project stakeholders and process map
The process mapping was completed by interviewing seven project stakeholders representing,
the façade designer, architect, general contractor, energy and building physics consultant,
commissioning agency, and facility manager. Figure 2 shows the results of the interviews and
represents the different stakeholders of the project. The process map, shown in Figure 3, indicates
that there were seven major design stages in this project, named according to the AIA (AIA, 2007).
The figure shows the process map after being validated, illustrating the design and construction
stages of the adaptive façade as a whole. Based on this step we identified the key stakeholders to
start the façade performance evaluation.
4.2 Façade design process description
The interviewees revealed that the SISD project delivery process went through a linear process
with experimental validation approach. The linear approach did not allow a holistic integrated and
iterative approach. For example, the EC glazing was selected to optimize day lighting, thermal
comfort and energy consumption for the Minergie energy target prior to the aesthetical concerns.
In order to optimize day lighting, thermal comfort and energy consumption, three-dimensional
modeling was prepared and according to this model facades design was developed. Also, the
energy consultant had to conduct several simulations models and experiment with a climate data of
Dubai and test bed in the Switzerland, to optimize the DF factor and daylight autonomy. Firstly, the

Table 1: Difference of solar radiation in Base Case and North lights (Bourdoukan, 2016)

3.4 Building Simulation
Three dimensional modeling and dynamic thermal simulation of the secondary school, auditorium
and library were prepared in order to observe thermal comfort of the blocks according to the Dubai’s
climatic data. Also, with the usage of the building simulation thermal coupling and integration of
the detailed HVAC system were checked. Hourly dynamic thermal simulations of building parts
including classrooms, kitchen, library and auditorium were gained. Depend on the simulation
results it was obtained that FAHU are operational from 7 AM till 5-6 PM; lighting is 10W/m2 with
dimming; plug loads are 4W/m2 during occupation (except the kitchen and labs). Furthermore, the
temperature is controlled in between 24-25°C and humidity ratio.

4

Results
Several interviews have been conducted to identify exactly the roles of the project’s main
stakeholders in different stages. This included the architect, energy consultant, building’s users,
adaptive façade designer, commissioning agent and the facility manager. The key steps of the
adaptive facades delivery process are identified including decisions, checklists and teams engaged
in each stage respectively.
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Figure 2: General composition of SISD adaptive façade team

architects designed the auditorium and library facades entirely from EC glazing. Later on, the
energy consultant had to optimize the EC glazing to avoid overheat due to the long solar radiation
durations. For instance, EC glazing inclined to the north was preferred for reducing the solar heat
and optimize day lighting at roof of the secondary school. Similarly, the glazed surfaces were
optimized to reduce cooling demand at auditorium block and library. Thus, the façade design was
detailed and validated in a late stage of the design process. This was until the façade subcontractor
was invited, when the final façade system design decision was made. The involvement of the
glass façade subcontractor at the end of the design process resulted into a complicated situation.
Therefore, it is very important to engage the façade engineers from the beginning of the design to
guarantee hands on feedback and follow the shortest and the most cost effective design path.
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4.3 Façade assessment process description
The façade assessment and commissioning was mainly on the hand of façade subcontractor.
Despite the expertise of the building commissioning firm, the façade testing remained in the hand
of the adaptive façade supplier. Prior to commissioning and during the pre-assist phase the main
contractor and subcontractor had to build a test bed for a façade module. The main contractor was
responsible for the structural, MEP engineering, infrastructure, IT, Security and building services.
The façade subcontractor was responsible for the design and testing of the façade and preparing
the building simulations. Once the initial design is completed by U+A architects the façade
subcontractor started to conduct the façade optimization measures.
The process includes using an EC insulating glass unit wired with a Pigtail cable that extends
from one edge of each IGU and connects to the frame cable. It also stores an electronic serial
number and glass unit specific data that can be used for system start-up, commissioning and
troubleshooting.
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Figure 3: Process mapping of the integrated design process of the SISD’s adaptive façade

decreased significantly to the presence of EC glazing. The presence of EC in our case resulted in
effectively decrease the dependence on artificial lighting.

Table 2: Monitoring results

Table 3: Monitoring results

Figure 4a: the EC glazing control system depends on external sensors placed on the North and West facades, 4b: the
monitored solar radiation expressed in wattage for the North façade of the office building (red=summer radiation; blue=winter
radiation).

4.4 Energy Performance and Façade Control
After the completion of the first phase of the SISD project, the facade subcontractor Sorane
provided Minergie compliance data (see Table 2). According to the façade subcontractor, chilled
water consumption was calculated as 126 kWh/m2, which is less than the Minergie requirements
(140 kWh/m2). However, air cooling electricity must be compensated by PV, that’s why 300 m2 PV
was taken out in the SISD project by façade engineer. As a result of Minergie application, the total
electricity consumption was calculated as 22.8 kWh/m2. Half of the electricity consumption is due
to the fans consumption of the FAHU and avoiding air cooling (FCU and AHU) reduces by 20% the
electricity demand in the project. Initially, contractors were hesitant to work with these connecting
cables, but with the help of a supervising team, they have been able to get comfortable with the
process and install the glass panels with ease.
Regarding the energy consumption associated with EC glazing, a comparison was made with
between conventional office spaces and our office case study. The conventional office space
consumed 99.2 kWh/m2 for the year 2017 compared to 126 kWh/m2 for the EC glazing office
space. As shown in Table 3, the façade with EC glazing resulted in a more consumption due to
the high WWR that is 85%. Moreover, the North façade was exposed to significant solar radiation
without solar protection as shown in Figure 4. The red and blue colored lines represent the summer
and winter incident radiation on the North façade. On the other hand, the lighting loads were
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Table 4: Façade Performance and Sun Protection (Summer 2017)

Based on the monitoring results we performed an analysis to investigate the correlation between
SHGC (g-value) and Vlt as shown in Table 4. Our analysis indicates a significant disparity between
the nominal and real performance of EC glazing regarding SHGC. This is mainly caused by the
high surface temperature of the glazing surface. Our analysis confirms that the EC glazing reduced
the visible transmittance from 70% to around 10% and g-value from 0.60 SHGC to 0.25. However,
the high WWR (85%) effect contradicted the whole purpose of installing EC glazing regarding
energy efficiency. This resulted into an energy consumption increase of 27% more than the
conventional façade (Table 3). Moreover, the EC glazing blocked the passive solar heating effect
during winter. Since the building has no heating system, occupants complained from overcooling
during winter.
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A total of 39 anonymous respondents filled in the POE questionnaire by employees of the SISD.
The occupancy density in this building was 4.5m2.person compared to 10m2.person in Europe.
For most respondents, the general IEQ conditions were evaluated as very good, except during the
winter. As shown in Figure 5, there is a significant discomfort (36% of occupants) during the winter
season. This can be explained by the low conductivity of the glazing and the low g-value that blocks
the passive solar heating. In the same time, the lack of a heating system did not allow users to feel
satisfied (Bourdoukan 2016).
Daylight availability was also assessed as very good; however the user control regarding sunlight
control was assessed as a cause of problems. A conflict between maintaining the view and blocking
the direct sunlight radiation occurred during winter. Our observation revealed a conflict between the
user’s personal control and automatic control strategies.
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4.4 Post-Occupancy Evaluation

•

Energy consumption was increased by 27% due to the use of EC glazing. The high WWR (85%)
effect contradicted the whole purpose of installing EC glazing regarding energy efficiency. The
POE results indicate that the consumption would increase much more if the building had a heating
system. Installing EC glazing should not be associated with increasing the WWR.
5.2 Key performance criteria of EC glazing

•

The key performance criteria of EC glazing should be the energy use intensity and indoor
environmental quality in the glazed spaces. The use of nominal values of SHGC or Vlt is
meaningless. In this project, TRNSYS failed to estimate the effect of EC glazing and did not allow
modeling the dynamic variation of SHGC and Vlt, which is in line with literature.
There was an unexpected level of difficulty in assuring the POE in building with EC glazing. We
need much more knowledge on EC glazing performance and user interaction with EC facades. We
need independent studies on user’s well-being and dynamic visual comfort (incl. color rendering) for
dynamic glazing. The nature and the effects of these mutual interrelationships between occupants
and façades are yet to be completely defined.

•

5.3 The significance of using EC glazing

•
•

The use of EC glazing in their current technological status is seriously questionable. Firstly,
because there are no conclusion studies on their energy saving effects in relation to comfort
improvement.
Secondly, the automatic control of AF and users response caused in many cases conflicts. The
overriding algorithm control settings and users need did not match during the early morning and
end of the working days. Due to the multi-sensorial effects of façades and the highly-individual
response of occupants, designing for user interaction with dynamic envelopes is a challenging task
and conflicts and inconsistencies often arise.
5.4 Learned lessons for architects and façade engineers

Figure5: POE results

5

Discussion and Conclusion
The primary objective of this study was to improve our understanding of electrochromic glazing
façades. From the POE results we evaluated the real performance of an EC glazing façade in
relation to energy consumption, comfort and façade system control. One case study is statistically
not representative; however, based on the best available data in literature we present significant
and incremental contribution that can support the decision making of façade designers and owners.
We summarize the study findings under the following objectives:
5.1 Understanding the performance requirements of EC glazing

•

•
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•

The EC glazing did not block the solar radiation enough in the South. In a climate like the one of
Dubai, the direct solar radiation and heat transfer cannot be blocked by using EC glazing. After
several design and performance modeling iterations, the design team decided to place the EC
glazing mainly in the North and avoid placing any EC glazing in the west, east or south facades.
Installing EC glazing in a highly energy efficient envelope was counterproductive. The EC glazing
blocked the passive solar heating effect during winter. Since the building has no heating system
occupants complained from overcooling during winter. The EC glazing eliminated any chance of
passive heating during the winter because it orientation (North). Designers should better estimate
the effect of EC glazing on thermal comfort during winter.

•
•

6

The window to wall ratio was 85% in the North façade and windows are not operable. We advise
to reduce the WWR and include fixed shading even in the extreme heat and intense glare from the
sun in the Middle East.
The EC façade cost 7-8 times more than a curtain wall façade in Dubai including the controls.
EC glazing remains an aesthetically-appealing technology. However, the WWR and solar shades
and blinds remain the most influential regarding thermal comfort and energy savings for adaptive
facades in hot climates. An efficient sun protection from the sun and an adequate glazing surface
are required for the envelope.
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Adaptive facades are getting more and more widespread in modern buildings. These facade
systems, among many others, need to fulfil the requirements of several structural considerations,
such as structural safety, serviceability, durability, robustness and fire safety, being typically defined
for standard facades and building enclosures in general. The paper discusses special structural
characteristics that need to be taken into account when designing adaptive facades, and summarises
some recent efforts of the activities carried out by the ‘Structural’ Task Group within the European
COST Action TU1403 ‘Adaptive Facades Network’.

Keywords: Adaptive facades, structural performance, classification, metrics, experimental facilities
and testing, numerical modelling

1

Introduction and motivation
Modern envelopes are high-tech components that must meet several requirements and constraints
with regards to architecture / urban planning / aesthetics, energy efficiency, indoor environmental
quality, buildability and value. In this regard, as far as a facade can respond to all the transient
conditions in such a way that it maintains occupant satisfaction without imposing additional loads
on the building services can be considered as ‘adaptive’. Within the requirements an adaptive
facade needs to provide, however, a fundamental role is assigned to the structural performance
(see (Bedon et al. 2018b)). Most of the systems representative of the next generation of facades in
buildings, in fact, typically consists of highly adaptive envelopes, generally involving advanced use
of smart materials, kinematic mechanisms, etc. (see for example Figure 1).
The current lack of standardised procedures and regulations for structurally related issues in
adaptive facades represents a critical aspect for design. This is especially true in the case of
facades of strategic buildings (i.e., governmental facilities, banks, terminals, landmark structures,
hospitals, etc.), or buildings that could be exposed to exceptional loads (both accidental or manmade) during their whole life-time. In general terms, from a structural point of view, facades are
often the most vulnerable components of a building, providing the physical separation between the
interior and exterior spaces and conditions (Kassem & Mitchell 2015; Zhang & Bedon 2017; etc.).
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In this context, as an ongoing activity of the EU COST Action TU1403 ‘Adaptive facades network’
(‘Structural’ Task Group), this paper aims to provide some first recommendations towards the
definition of structural-focused guidelines for these novel skins. Major outcomes from the ‘Structural’
TG are hence briefly summarised in Section 2. Special consideration is then spent for classification
and metrics, being adaptive facades related to specific static and dynamic behaviours that can
be easily distinguished from traditional cladding systems (Sections 3 and 4). Key aspects and
parameters for experimental testing of structurally adaptive facades are then discussed in Section
5. Finally, some general recommendations are given for Finite Element (FE) numerical modelling
purposes (Section 6), where - in addition to traditional cladding systems - careful attention should
be paid to transient system states and to the dynamic effects on materials, as resulting from
variable loading and restraint conditions.

Experimental Tests

A given facade should in fact be able to respond to basic requirements under the assigned design
loads, namely consisting in self-supporting capacity and appropriate stability (also with respect to
vibrations); security and protection of the occupants and customers; strength and robustness, for
the transmission of the external loads to the foundation systems; flexibility, so as to adapt to the
external loads; durability; insulation capacity, etc. The facade itself could then contribute to the
robustness or enhanced dynamic performance of the whole building it belongs to (see for example
(Stepinac et al. 2016; Bedon & Amadio 2018; etc.)). Within the full design project, such structural
requirements and performance parameters should be properly combined with a multitude of
aspects, requiring multidisciplinary approaches and expertises.

Table 1: Overview of Working Groups for the COST Action TU1403.

In particular, while the main goal of WG2 as a whole was to develop and provide a unified approach
for characterizing and evaluating the performance of adaptive and multi-functional facades (at the
component level), the ‘Structural’ TG activity was aimed at assessing the structural and durability
domains, in terms of classification and metrics developments, assessment of experimental testing
methods, numerical modelling, etc.
Such a general goal was addressed by accounting, on one side, for standard approaches in use for
structural applications in traditional static facades. On the other hand, major influencing parameters
were collected for structurally adaptive facades, based on a selection of case studies and on
the available literature research efforts. Given such a background, a possible extension (and/ or
adaptation) of the existing methods and approaches (i.e. for testing, modelling, etc., static facades)
were hence considered for adaptive systems.

2.2. TG activities and outcomes
So far, the ‘Structural’ TG actively contributed to the Action initiatives, in several forms.

Fig. 1 Examples of adaptive facade concepts. Figures adapted from (a) Ribeiro, 2016 (Copyright @ Ribeiro Silveira 2016), and
(b) Kormaníková et al., 2017 (reproduced with permission from Elsevier, Copyright ® license n. 4412500174098, August 2018)

2

‘Structural’ Task Group

•

Educational Pack (slides in progress)

•

Training Schools: the TG joined the first successful event at HafenCity University (Hamburg,
Germany, September 2016), with a lecture focused on basic structural aspects and case studies for
adaptive facades, including fundamentals, general numerical procedures, design philosophies, etc.
The second Training School edition, planned for September 2018 at Belgrade University (Serbia),
further confirmed the TG involvement.

•

Journal and Conference Proceeding publications: so far, some of the collected TG outcomes and
efforts have been already published in international conference proceedings. In the same period,
several documents from TG2.4 members have been published (or are currently under review) for
publication in peer-reviewed, international scientific journals. For the full list of co-authored scientific
publications, literature details and major outcomes are summarized in (Bedon et al. 2018b).

2.1. Task topics and goals
Within the TU1403 network (2014-2018), the need to account for structural aspects has been
recognised. This is particularly related to development, design, testing and standardisation of
adaptive facades. Therefore, the ‘Structural’ Task Group has been established in the Lucerne MC
meeting (October 2016), as a transversal sub-group of Working Group 2 (WG2), see Table 1.
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COST mobility grants: the financial support from COST was exploited for successful networking
opportunities, mainly in the form of Short-Term Scientific Missions (4 in total, see Table 2), but
including also a conference grant for Early Career Researchers (Dr. Kozłowski the beneficiary in
April 2018, for the oral presentation of a TG contribution (Kozłowski et al. 2018b) at the ‘Places and
Technologies 2018’ event, Belgrade University (Serbia)).

•

Experimental Tests

•

3

Definitions and classification criteria for structural adaptive facades
3.1. Background
Adaptive facades have been an attractive topic in research dealing with the behavior and
performance of buildings (Favoino et al. 2015; Aelenei et al. 2016; Marysse 2016; Attia et al.
2017; etc.). However, or rather naturally, what adaptivity actually refers to depends on the
particular research topic and/or the specific application. Therefore, it is important to define a
common terminology with the relevant definitions, so to develop a common understanding among
researchers and practitioners with different background and focus.
A rather generic definition of adaptivity for facades and building envelopes is given in (Loonen et
al. 2013), as the ability to change their ‘functions, features or behavior over time in response to
transient performance requirements and boundary conditions, with the aim of improving the overall
building performance’. The above general definition is also adopted by Aelenei et al. (2016), with
a further specification for the functional requirements which adaptivity aims to improve, such as
heat, air and water vapor flow, rain penetration, solar radiation, noise, fire, strength, stability and
aesthetics, etc. Despite these rather broad definitions, most of the scientific papers available in
literature and related to facade adaptivity typically focus on energy, climate and comfort related
aspects (i.e. energy performance, thermal comfort, Indoor Air Quality (IAQ), visual and acoustic
performance), hence to configurations that are typically characterised by gradual changes in the
environment (see for example (Hasselaar & Looman 2007; Kim 2013; Park & Dave 2014; Barozzi
et al. 2016; etc.).

3.2. Proposal

Table 2: COST networking support for Short-Term Scientific Missions within the ‘Structural’ TG.

From Table 2, it is apparent that one of the major efforts of the ‘Structural’ TG is related to the effect
of temperature variations on the structural performance of constructional systems, especially glass
elements, due to their huge use in building envelopes. This aspect could be particularly important,
for example, for modern energy efficient glass facade systems in case of extreme temperatures,
as a result of changing climate or also accidental fire scenarios. Further research topics that have
been exploited (or still in progress) from the TG members include the performance of several
connection types and systems, both at the component and assembly levels (especially adhesives),
with careful consideration for long-term effects and ageing. Another set of issues addressed by the
TG members was then related to facades in which the load-bearing structural system adapts to
changing conditions, i.e. with regards to the external loading. This typically includes non-traditional
materials and hybrid structural components (see for example (Santos et al. 2016; Ribeiro Silveira
et al. 2018; etc.)). Novel design principles are also subject of ongoing research studies, aiming at
extending bio-mimetic and nature-based principles to structural claddings (Schleicher 2011; Lopez
et al. 2017; etc.).
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Adaptiveness can be beneficial regarding the structural performance of buildings, if it reflects to often abrupt - changes in the boundary conditions of the load-bearing system. Structural adaptivity,
in this context, is beyond traditional structural engineering which typically deals with systems in
static and/ or dynamic equilibrium. In a structurally adaptivity system, the equilibrium might change
gradually involving large deformations and movements. The system is thus often a mechanism
where the stiffness, the geometry or the external forces are controlled either ‘manually’ or
‘automatically’. By ‘manually’ and ‘automatically’ here refers to what extent the structural response
to the changes in the environment is regulated.
A specific classification for adaptive facades systems was proposed by Velasco et al. (2015), by
considering both movement and control as performance parameters. New classification rules were
then suggested by the ‘Structural’ TG members in the TU1403 Educational Pack in progress (http://
www.tu1403.eu) - see Figure 2 for an updated version.
According to the TG classification, as shown in Figure 2, a key role is assigned to three different
aspects / level, namely represented by (A) system changes, (B) activation type and (C) loading
conditions. Their features and effects (including possible combinations) should be properly taken
into account at the design stage, since these are responsible for multi-phase configuration changes
(even cyclic) during the whole life-time of a given facade. The first main aspect of classification
relates to possible ‘system changes’ regarding geometry and stiffness (i.e., being explicitly related
to the adopted facade details, and hence responsible of different types of deformations under the
assigned design loads). The second main aspect then refers to the ‘activation system’, where the

329

The third aspect focuses then on the ‘triggering events’, where possible loading scenarios of
interest for the full life-time of the structure should be properly evaluated, including ordinary thermomechanical actions and possible extreme events (even natural or accidental).

Experimental Tests

classification could be carried out by distinguishing facade systems with prevalent self-change
materials (i.e. thermo-sensitive materials like shape memory alloys, thermo-bimetals, etc.), rather
than mechanical actuators (i.e. Figure 1(a)) or inflatable systems. The latter solution can include
soft pneumatic actuators (i.e. detail of Figure 1(b)) or consist of full pneumatic chambers and air
cushions (i.e. Figure 3). In both cases, inflatable facades should be separately investigated, since
these are typically characterised - with respect to the other types of envelopes - by pressurized
units composed of novel / unconventional materials whose performance should be properly
assessed, in which both mechanical and thermal loads apply (i.e., load sharing phenomena in the
air cavities, etc.).

4

Metrics
4.1. Summary of design concepts, standards and guidelines
Building envelopes are commonly required to resist self-weight, environmental actions (i.e. thermal
effects and wind load), natural (i.e. earthquake) and man-made (i.e. impact and explosion) hazards.
Moreover, structural design of adaptive facades has to resolve structural consequences due to
adaptive / movable systems, together with structural and cost consequences for the supporting
substructures. Wind loading, for example, is an highly dynamic phenomenon and therefore a very
interesting driver for adaptive architecture. Actuators of adaptive facades can also significantly
affect dead loads to account for design: mechanically driven kinematic systems will lead to heavy
complex construction components, while lightweight shape morphing elements are possible to
construct with smart materials (Lignarolo et al. 2011).
For building envelopes and components, structural criteria are specified at different levels: general
harmonised conditions for construction products in Europe (EU 2011), national building standards
(EN 1990) and recommendations from facade organisations (CWCT 2018). The most general
regulatory framework for the performance of all the building products in Europe is represented by
the Construction Products Regulation (EU 2011). It specifies basic requirements for construction
works, namely related to mechanical resistance and stability, safety in case of fire, hygiene, health
and environment, safety and accessibility in use, protection against noise, energy economy and
heat retention, sustainable use of natural resources. The EN 1990 document defines then the
conventional requirements for safety, serviceability and durability of structures, including regulations
for the design, verification and reliability of structural systems. While inclusive of reference design
loads for structures, however, the EN 1990 does not account for specific aspects of facades
and envelopes, and moreover should be used in conjunction with specific standards related to
fire design, accidental situations (i.e., earthquakes) and execution. The Centre for Window and
Cladding Technology (CWCT) is an example of industry funded centre providing more specific
performance criteria for facades. It publishes both standards and guidelines developed together by
leading architects, consultants, contractors and manufacturers.

Fig. 2 Classification system of adaptive facades (‘Structural’ TG proposal).

4.2. Structural performance metrics for facades
In building engineering, ‘metrics’ are conventionally assumed to represent - for facades and
envelopes - specific performance parameters that are strictly related to the thermal comfort, energy
performance and lightening response of a given cladding system, with respect to the whole building
it belongs to. In the last years, the increasingly development of adaptive systems attracted the
attention of several research studies. Compared to ‘static’ performance metrics for thermal and
lightening assessment of facades (i.e., U-value, g-value, daylight factor, etc.), a series of ‘dynamic
performance metrics’ have been proposed in the literature (see for example (Reinhart et al. 2006;
Wagdy et al. 2016; Goia et al. 2013; etc.)), so as to properly capture and optimise the expected
behaviours, towards enhanced sustainability and comfort levels.

Fig. 3 Example of inflatable adaptive facade (Media ICT building in Barcelona, Spain). (a) General view and (b)-(c) details
(figures reproduced from (Marysse, 2016)).
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Structurally speaking, see Section 4.1, the overall performance of a traditional facade is
conventionally optimised - under the assigned ordinary design loads (i.e. self-weight, wind, crowd,
etc.) - so as to accomplish specific deflection values in service conditions (M1), that should be
implicitly accounted for appropriate resistance performances of the load-bearing components. The
same deflection limits, at the same time, are generally recommended by design standards so as
to provide reasonable comfort for the building occupants (i.e. limitation of perceived movements
and minimisation of potential failure risk). Another key structural performance parameter to
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4.3. Considerations for adaptive facades
Actually, the lack of specific regulations and guidelines to standardise the load-bearing mechanisms
and performance of adaptive facades represents one of the major issues for their optimal design.
Differing from traditional static facades (namely consisting in regular structural schemes), the
variability in possible kinematic effects, materials (and related properties), morphology (including
free-form facade systems), on the other hand, does not allow and facilitate the possible grouping of
adaptive facade systems by boundary conditions.
Given the intrinsic features of adaptive facade systems, however, both the M1 and M2 metrics
discussed in Section 4.2 can be reasonably accounted as reliable performance parameters. The M2
minimisation, in particular, is herein recommended especially in presence of kinematic mechanisms
involving rotations and torsional effects, that could induce fatigue phenomena. The trouble arises
indeed in terms of deflection limit values (M1), since static facades are required to satisfy specific
deformations that are strictly related to their loading and boundary condition (i.e. curtain walls,
cable-supported facades, etc.). In this context, lateral deflection limits in adaptive systems should
be generally related to the involved shape change and joint detailing, being responsible of local
and global stress peaks that can be hardly controlled via standardised reference values. For
preliminary estimations, the limit of 1/100 the bending span could be taken into account for adaptive
facades. Even if experimental testing and / or numerical modelling can provide further support and
feedback to design, in addition, lateral deflections should be related to stress peaks in the structural
components, so to ensure (depending on the used materials) minimum stress-to-resistance ratios
(i.e. less than 30% the allowable stress values) in operational conditions, and sufficiently wide
safety levels.
Given the intrinsic features of adaptive systems, (M3) vibrations are then recommended as
potential metrics for optimal structural performances. According to the EN 1991-1-4:2005
provisions, for example, glazing facades and roofs with natural frequency lower than 5Hz (condition
that typically occurs for glazed spans smaller than 3m) should be properly verified against vibration
effects, even due to ordinary wind pressures. A specific calculation method is provided for these
systems in the Annex F - Dynamic characteristics of structures.
Special care, finally, should be spent for (M4) fatigue phenomena. In this case, however, specific
probabilistic studies are required, for each facade typology, being fatigue effects strictly related
to boundaries, loads and materials. In addition, no standardised design methods for fatigue
assessments are available for (even static) facades, being explicitly calibrated in the literature - in
most of the cases - for bridges under vehicle loading. Nakagami (2003), in this regard, proposed a
new method to account for the loading cycle of wind pressures in traditional glazing envelopes. The
research investigations highlighted that such a probabilistic method can be very effective when the
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account in the design is then represented by the weight (M2) of the structural (and non-structural)
components. A series of additional (and more specific) performance metrics can then be defined
and accounted for the optimal design of a given facade typology, especially adaptive facades.
Horn (2015), for example, focused on the design of truss facade structures and emphasised
how ‘structural performance metrics’ can be merged and related to ‘buildability metrics’, so as to
enhance their cost and efficiency. In doing so, Horn proposed six additional metrics, namely related
to (Mi) a standardised length for the facade members, (Mii) trucking requirements, (Miii) number of
structural connections to build on-site, (Miv-Mv) structural joints geometry and connectivity, (Mvi)
variations in the cross-sectional features of the load-bearing components.

resonance component for a given facade system is relevant, compared to the assigned load wind
spectrum. Extended analyses should be however carried out, for adaptive facade systems.

5

Design of structural adaptive facades by testing and numerical simulation
5.1. Experimental testing: regulations, methods and issues
From a structural perspective concerning experimental testing, the most important is that the
test results should provide useful information about the expected structural behavior of a given
adaptive facade component or system. This information could be related to the load carrying
capacity, stiffness, dynamic properties, fatigue resistance, fire performance or any other parameter
affecting structural safety. It is, however, important that the significance and relevance of the tested
properties should be well understood and interpreted.
For example, measurement of the resistance of a component or a joint for a given loading and
boundary configuration might provide useful data about certain failure modes, whereas completely
neglect some others. It should also be kept in mind that each experiment has a random outcome
and what is observed is just a single realization of a probabilistic distribution. In structural
design, however, typically some representative values of such distributions are required, e.g.
the characteristic values of strength which is typically based on the 0.05 fractile in the lower end.
Therefore, the proper design of experiments might require consideration of uncertainties on a
statistical basis.
Since adaptive facades are hardly standardised products or assemblies, standard test procedures
for claiming compliance with safety requirements might not always be applicable. Therefore,
customised solutions might be required which are consistent with the main principles of the
established testing methods. The development of such experiments requires a clear communication
between the involved parties, such as the facade engineer, the manufacturer of the components,
the testing laboratory etc., to ensure that the performance requirements to declare adaptivity match
with the measured engineering parameters.
Standard procedures for testing conventional facade systems can be considered as a starting point
of verifying the performance of adaptive facades. These are typically product standards for CE
marking in the European Economic Area (EEA), such as the EN 13830 ‘Curtain walling - Product
standard’ and ETAG 034 ‘Guideline for European Technical Approval of Kits for External Wall
Claddings’ issued by European Organisation for Technical Approvals (EOTA). The former defines
tests and procedures for testing air permeability, watertightness, wind load serviceability and wind
load resistance. The latter includes methods for testing mechanical resistance and stability, safety
in case of fire, hygiene, health and environment, safety in use, protection against noise, energy
economy and heat retention, aspects of durability and serviceability.
When adjusting this procedures for adaptive facades, both the applicability of the procedure
and relevance to the adaptive performance needs to be considered. For example, out-of-plane
movement of the facade, might involve joints that allow water penetration without impacting
water-tightness; however, water could be trapped when the facade regains its original geometry.
The fatigue assessment of movable parts requires a thorough assessment of anticipated stress
regimes and planning of testing cycles and load levels accordingly. Complex and changing forms
of adaptive facades might require wind tunnel testing combined with computational fluid dynamics
(CFD) modeling to obtain relevant wind loads required for subsequent testing. Some more details
on specific considerations about adaptive facade testing is given in (Bedon et al. 2018b).
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The FE analysis of an adaptive facades differs significantly from that of traditional ones, since the
analysis should properly define some key aspects which are representative for various key input
parameters. On the other hand, several other questions should be considered. Such aspects are
strictly related to the classification parameters summarised in Figure 2, and include additional
aspects depending on the variability of reference conditions (materials, boundaries, loading).
For example:

•

•
•

Material properties should be properly selected and defined via reliable mechanical models (i.e.
linear elastic, damage mechanisms, degradation under cyclic loads and/or time/temperature
variations, etc.), depending on the main goal of the analysis, as well as on the features of the
examined facade. The lack of general recommendations and guidelines for modelling (see
(Larcher et al. 2016) for glass facades) is further enforced by the use - in most of the cases - of
a combination of different materials, requiring specific analysis methods and calibrations (to
experiments, when available).
Loads: even in presence of ordinary loads only, adaptive facades are first associated to cyclic and /
or kinematic behaviors that should be properly accounted.
Boundaries: being generally described via ideal restraints, the FE modelling of adaptive facades
assemblies or components could be responsible of unreliable assumptions, or not able to account
for specific parameters such as possible premature failure mechanisms, etc.
Finally, special care should be spent for:

•

•

6

The definition of an appropriate mechanical interaction between the facade components:
connections and joints should be properly reproduced (even in a simplified way) so to describe the
actual response of each facade component, but also the mutual interaction between components,
as part of the entire adaptive assembly.
The choice of a reliable solving strategy: FE simulations can provide useful support for the
structural assessment of adaptive facades under extreme loading conditions, including accidents
as well as natural hazards. In this case, the FE modelling complexity further increases, since strong
efforts should be spent both on the adaptive facade side (i.e., see the points above) as well as on
the loading description side.

Conclusions
Although adaptive facades are getting gradually more common in modern building skins, their
design still represents a challenging task. Engineers have to keep in mind that current standards
and procedures cannot always be applied or, for some cases, these do not exist. Differing from
traditional cladding systems, the multiple ways in which adaptive facades can interact with
the environment - and change their intrinsic mechanical features - need to be properly taken
into account, both for experimental testing and numerical modelling. The recent activities of
the ‘Structural’ Task Group, briefly summarised in the paper, provide some first ideas towards
highlighting structural aspects the design of these novel skins.
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This work demonstrates an original modelling and simulation approach for visualization of the
changes in a building’s appearance during its service life. In its present form it is focused on bio-based
materials, however, the same approach might be applied to any type of façade. The performance of
120 selected façade materials, provided by over 30 industrial and academic partners, were evaluated
for 18 months of the exposure to natural weathering conditions. Experimental data were used for
the development of the numerical models simulating the material degradation as a function of time
and exposure. Weather data calculated according to the ASHRAE 2013 database allows numerical
simulation of cumulative radiation and temperature on building facades situated in 6000 locations all
over the World. Dedicated algorithms simulating material deterioration by taking into account specific
material characteristics and the intensity of weathering process as well as specific architectonic details
(shading, orientation) were extensively tested and validated. The resulting visualization software
is designed for investors, architects, construction engineers, professional builders, suppliers and
other relevant parties, including final customers. It will assist architects/customers to select optimal
bio-materials assuring satisfactory performance and high aesthetical value. Additionally, it provides
guidance regarding realistic maintenance scheduling as well as possible recycling options of façade
elements after the end of their service life.

Keywords: service life prediction, modelling, visualization, aesthetics, facades

1

Introduction
A building façade is the first protective layer against environmental degradation agents, and has
a fundamental role in the performance of the entire building. The external components are often
called the “skin” of the building to emphasize its roles in both hygro-thermal balance and physical
protection. Very frequently designers and architects base their decision regarding façade selection
on technical/commercial documents, that describe the “brand new state” of materials. The longterm interaction between environmental conditions and the elements that constitute the façade
system and the potential effects of changes in a material’s performance in the overall performance
of the assembly is rarely taken into account during design phase. However, according to Hovde
(2002) an increasing interest for accurate determination of durability and service life of materials,
components, installations, structures and buildings has been identified in the last decades. External
layers like any other building elements undergo deterioration and suffer loss in their decorative and
protective functionalities. A significant proportion of the total maintenance cost of a building is spent
on maintenance of façades (Teo, 2005). This statement is valid for all façade materials, since all
of them require cleaning, maintenance, repair and replacement. Therefore, better understanding
of the service life of buildings results in more efficient building maintenance and reduced
environmental costs (Silva et al. 2016).
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The trend for constructing sustainable buildings and increasing of environmental awareness
observed nowadays leads to the reactivation of bio-architecture as an alternative to other
construction techniques. The unique properties and the natural beauty of bio-based materials make
these a desired substance for various applications including construction, interior/exterior design
or other uses. Wood and other bio-based building materials products have the advantage of a
significantly lower carbon footprint than steel, glass or concrete (Tellnes et al., 2017). Trees are
capable of absorbing CO2 from the atmosphere and store carbon in the wood tissue; consequently,
wood generates lower environmental impact in comparison with other building materials. Mass
timber tall buildings (over 40 stories and more) are under investigation as an alternative to steel
and reinforced concrete structural systems. Recent advances in biomaterials research have
delivered several innovative solutions for the construction sector. Comparing with traditional timber
preservation system, they cause less environmental problems at the end of the service life of
wooden elements. Consequently, a range of different treatments have been developed to enhance
the durability and service life of timber. However, a deep understanding of the material properties,
structure, assembly and its performance along the service life is indispensable to increase
confidence in the use of bio-based materials.
The overall goal of the BIO4ever project is to contribute to public awareness, by demonstrating
the environmental benefits to be gained from the knowledge-based use of bio-based materials in
buildings façades. The project merges several disciplines: wood science, architecture, building
physics, chemistry and mathematics, as well as psychology and customer preferences in order
to deliver validated solutions closer to user-defined expectation. Hundred twenty bio-based
materials were extensively tested in outdoor environment. The multi-sensor approach was
used for characterization of investigated materials in order to provide reliable experimental data
related to their appearance (color, gloss, roughness) as well as chemical changes (near infrared
spectroscopy). In parallel, the Finite Element Method (FEM) model was prepared for model house,
containing surface temperature distribution, solar irradiation and surface moisture maps. Those
parameters were converted in to single parameter corresponding to the weather dose D and
combined with experimental data obtained from materials performance. The core output of the
BIO4ever project is an interactive software simulating the aesthetic performance of bio-materials
integrated with LCA interactive calculation for maintenance operations. The tool, dedicated for
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Previous studies clearly demonstrate that aesthetical aspects play an important role when making
decisions about renovation. According to Aikivuori (1999), the decision to intervene is taken based
on the building’s deterioration only in 17% of cases. A relatively high (44%) amount of maintenance
actions are performed based on subjective criteria. Later studies by Bruderhofer et al. (2000) and
Rametsteiner et al. (2007) concluded that visual appearance is the key product attribute, followed
by service life, price and maintenance interval. Finally, in some cases, the reasons for replacement
or maintenance are due to changes in architectonic fashion and the components (or entire façades)
are replaced before functional failure (Ebbert et al. 2007). Building aesthetics are therefore one of
the principal aspects considered in architecture. The fundamental elements regarding aesthetics
in architecture are related to mass and space, proportion, symmetry, balance, contrast, pattern
and decoration (Mohan 2006). The appeal of a building includes the combined effects of the
shape, color, contrast, type of material, symmetry and simplicity of the repeated patterns used
in design, etc. It is important, however, to guarantee the aesthetical performance of building
elements along their functional service life. (Sandak et al. 2017a, Sandak et al. 2017b). Therefore,
the understanding how the materials will change due to environmental exposure is crucial for
their successful long-term architectural application. Nevertheless existing studies provides limited
information regarding effects of environmental factors on the appearance, especially these of biobased building materials (Bridgens et al. 2017, Holstov et al. 2017).

investors, architects, construction engineers, professional builders, suppliers and other relevant
parties, including also final customers is now under extensive validation and integration with the
BIM software.

2

Material and methods
2.1. Experimental samples
The 120 samples investigated within the project were provided by over 30 industrial and academic
partners from 17 countries. The experimental samples include different wood species from various
provenances, thermally and chemically modified wood, composite panels, samples finished with
silicone and silicate based coatings, nanocoatings, innovative paints and waxes, melamine treated
wood, copper treated wood, bamboo cladding, reconstituted slate made with bio-resin and samples
prepared according to traditional Japanese technique: shou-sugi-ban
(http://shousugiban.
com/) The treatments were classified in seven categories and are presented in table 1.

Table 1. Categories of façades materials investigated within BIO4ever project. Note: hybrid modification include combination of
at least two different treatments.

2.2. Characterization of materials
The investigated bio-materials were characterized before, during and after degradation by biotic
and abiotic agents (natural weathering in San Michele, Italy, 46°11’15’’N, 11°08’00’’E), in order
to provide experimental data to be used for better understanding the bio-materials performance/
degradation in a function of time. The weathering stands are presented in Figure 1. Each month
high resolution photos (Nikon D5500 equipped with lenses Nikor AF-S 35mm) were acquired to
capture the real progress of appearance change. Additionally, part of exposed samples (three
replicas per cycle) was exchanged every 3 months, scanned with office scanner HP Scanjet
G2710, and stored in climatic chamber before characterization. Materials characterization included
measurement of color, gloss, roughness, wettability and spectroscopy in VIS, NIR and IR ranges.
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3

Results and discussion
The flowchart of concept for visualization of building façade changes during service life is presented
in Figure 3.

Figure 1. Experimantal samples exposed to natural weathering

Figure 3. Flowchart of the data for 3D visualization of the building exposed to natural weathering

2.3. Finite Element Modelling

The 3D CAD model house presented in figure 2b is first unfolded in order to create UV surface
map (first column of the flowchart). The UV mapping is the 3D modeling process of projecting
a 2D image to a 3D model’s surface for texture mapping. The letters “U” and “V” represent the
axes of the 2D texture since “X”, “Y” and “Z” are previously used to indicate the axes of the 3D
object in model space. For each material from BIO4ever data base surface morphology map is
created (second column on the flowchart). It is relatively easy in case on samples having uniform
appearance, however in case of many bio-based materials the map is very complex. Our goal is to
develop highly realistic visualization, therefore in several cases, when a natural wood structure is
visible, the surface map reflects the natural pattern of material (Figure 4)

The amount of solar radiation, temperature and the moisture content forecast on the façade surface
was simulated with support of a FEM (Finite Element Method) software (COMSOL Multiphysics
V.5.3), presented in Figure 2a. The weather data (relative humidity of air, diffuse and direct solar
irradiance, sun path during the day) were calculated according to the ASHRAE 2013 database,
containing meteorological data for more than 6000 weather stations all over the world. The map
of the surface temperature, solar irradiation and air humidity at the border of the façade element
were determined with CFD (Computational Fluid Dynamics) module. The simulation of the surface
wetting by wind driven rain was performed with the particle-tracing module.
The 3D model of a house, as shown in Figure 2b, has been defined as a simple geometry
representative of a small single family building with a gable roof and with some shade elements
(balcony, pillars, eaves). The mesh was defined with square elements in order to compromise a
decent mesh quality with a minimum number of elements, thus restricting the degrees of freedom
(DOF) in the model. The number of DOF is one of the essential parameters that influence the time
needed to numerically resolve the model, or to find the numerical solution of the equations set
with iterative methods. This operation is usually carried out directly in the “mesh editor” where the
specific distribution is defined by the user.

Figure 4 Surface morphology map for natural wood

Figure 2. FEM modelling of radiosity, temperature and moisture on the surface (a) and 3D model of the house with defined
mesh as used for numerical simulation (b)
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The natural weathering process of 120 materials conducted for 18 months provided input for the
detailed RGB colour changes that were measured with the progress of natural exposure. Such
an extensive database allows the determination of specific kinetics of aesthetic changes for every
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The numerical simulation for a one-year exposure period of the model building was carried
out in order to quantify effect of weathering factors in different seasons. Both, heat and mass
transfer modules of the FEM software were involved for the simulation. Each point of the mesh,
as presented in Figure 2b, was independently resolved considering the combined effects of sun
irradiation, the relative humidity of the air, air temperature and exposure/shading at each time
during the year. Time dependent analyses was carried out with a time step of one hour and were
conducted with a standard iterative solver. Interpolations between the nodes values were performed
in order to map the values out of the mesh points. Example results of the surface temperature
distribution and the sun-related surface irradiation in two diverse months (January and June) are
presented on Figure 5 and 6 respectively. It is evident that diverse parts of a building exposed to
weather conditions (at a given location) receives different amounts of solar radiation depending on
season, hour and architectural details. Accordingly, the surface temperature varies noticeably on
the façade affecting the weather dose D distribution. Consequently, the deterioration of different
materials used for the building façade will occur with different kinetics, depending on the cumulative
dose ΣD accumulated at diverse locations within the building skin.

Figure 5. FEM simulations temperature changes in Johannesburg in January (up) and June (down)
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material category and consequently can be used as a fit to a dose-response model. The weather
dose D is defined as an amount of “energy” provided to the system that affected the changes of
material due to weathering. The value of D is a function of the combined surface temperature,
solar radiation and moisture content (Sandak et al. 2017c). The value of response is numerically
determined on the base of the measured material characteristic, such as CIE L, CIE a, CIE b, CIE
∆E, near infrared spectrum or RGB colour coordinates (Sandak et al. 2018).

Outputs of the FEM model, containing surface temperature distribution, solar irradiation and surface
moisture maps were converted in to single parameter corresponding to the weather dose D. The
dose map was extracted (unfolded) for each wall of the building and was then considered as input
data for the visualisation tool capable of simulating the weathering results in each pixel of the 3D
building model.
The prototype software was developed in LabView 2017 (National Instruments), but it is recently
accustomed as BIM (Building Information Modelling) plugin. At this stage of the software
development, all the available data regarding appearance change of each biomaterial in time,
weather dose map and specific building layout (UV surface map) are merged together allowing 3D
model visualization. Time series of pictures that were acquired during exposure of tested materials
are used for the interactive simulation of façades appearance. Software users will be able to
choose a material from the database, select the building location and then simulate the structure
outlook at the brand new stage (Figure 7).

Figure 7. Print screen of the software for 3D simulation of building apperance

Numerical simulations performed in COMSOL, in combination with other custom algorithms, allow
visualization of the appearance changes related to the period of service, specific exposure direction
and microclimate. By changing the geographical location of the building site, the software will
automatically re-compute the orientation of the incident sunlight over the course of the intended
period. Figure 8 presents façade of model house at the new stage (Figure 8a) and after 12
months of exposure (Figure 8b). For this simulation, unprotected Norway spruce wood was used,
knowing that it will change appearance significantly due to weathering (Figure 9). However, during
weathering experiments, several samples (e.g. hybrid modification) exhibit perfect performance and
their aesthetic appeal did not change. If such materials were selected, the appearance after one
year shall be similar to the brand new stage.

Figure 6. FEM simulations radiosity changes in Johannesburg in January (up) and June (down)

342

343

Experimental Tests

Figure 8. Visualization of building façade apperance of natural spruce wood at the brand new stage (a) and after 12 months of
natural weathering (b)

phases for defined customer preferences and needs. Recent efforts are directed toward integration
of the software functionalities developed within BIO4ever project with Building Information
Modelling philosophy in order to provide new complementary dimensions for the BIM utilities, such
as 6D (sustainability) and 7D (facility management), in addition to 4D (construction sequencing)
and 5D (costs).

4

Conclusions
The objective evaluation under realistic conditions of various biomaterials usable for façades
performed within BIO4ever project was conducted in order to create comprehensive database.
It contains a list of technical material characteristics as well as degradation pattern of their
changes during the use phase. Surface deterioration is unavoidable, but its negative impact can
be minimized by the appropriate maintenance or replacement. The large portfolio of bio-based
building materials allows selection of materials that possess constant appearance during service
life and require minimum maintenance effort. The definition of proper strategy in terms of cost and
benefit can be analysed only if all the technical parameters (material properties) and human factors
(acceptability of the appearance that influence the intervals between maintenances) are combined
in the first steps of the design.

Figure 9. Changes of apperance of natural wood (Norway spruce) due to weathering process. Note: Photo corespond to brand
new stage – left and 1, 3, 6, 9 and 12 months of natural weathering – southern exposure.

Calculation of weathering response specific for each tested material, combined with numerical
modelling of climatic effect on building façades allowed realistic simulation of the façade
appearance simultaneously considering time, geographic location and intrinsic material
characteristic. Accurate performance models, allowing aesthetical visualization of buildings
along their service lifetime are indispensable to convince architects, developers and investors
for confident use of building biomaterials. A similar approach might be used for any other façade
material, assuming the integration of reliable database of its performance during its service life with
the BIO4ever software algorithms.

One of the biggest challenges for the realistic visualization of building appearance in time,
is consideration of architectonical detailing of the structure and their influence of weathering
intensity. Specific parts of the façade (e.g. parts protected by the roof) are less exposed to ambient
conditions (receive less rain and less UV and solar radiation). Their degradation is therefore
slowed, which results in less intense degradation processes. It is especially evident for natural
materials, such as unprotected spruce wood. An example simulation of non-uniform weathering on
the building façade is presented in Figure 10.

5
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Figure 10. Approach for uneven weathering of building façade; a) dose map, where dark parts correspond to new, non degraded
material, and bright to weathered parts; b) simulation of non uniform weathering on wood cladding.

In addition to simulation and visualization of materials appearance The BIO4ever software includes
guideline regarding realistic maintenance scheduling and possible recycling/reuse options for the
wide range of biomaterials (Petrillo et al. 2018). The concept is based on an interactive LCA (Life
Cycle Assessment) tool, where the basic blocks for maintenance operations can be combined
and multiplied by the maintenance frequency, being the specific combination of climate, material
properties and owner needs. Additionally, traditional and alternative recycling options are provided
for each material, where information regarding potential cascading and/or energy recovery are
supplied. Based on this, it is possible to optimize specific strategy regarding the use and end of life
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Thermal response of the bionic façade in
different climatic conditions
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Bionic façade presented in the paper is a technological system which mimics functions of vertical
greenery systems and, comparatively, enhances cooling potential and reduces of building’s footprint.
In the paper, a numerical investigation of the cooling potential of the bionic façade in three different
climates in summer conditions is performed. The comparative analysis showed that applying bionic
façade results in a 65% reduction of the heat flux amplitude on the inner side of the building envelope
in Ljubljana and Eindhoven. It can also be ascertained that heat flux is predominantly negative, which
indicates on the high cooling potential of the proposed bionic system. Even though meteorological
conditions in Madrid impact higher cooling load of a building, the amplitude of the heat flux on the inner
side of the building envelope reduces by up to 60%. Compared to the other two cities, the heat flux is
never negative during the highest cooling load of a building. Air temperatures in the building boundary
of the bionic façade are up to 1 K lower compared to outdoor air temperatures during the highest of the
cooling load of a building.

Keywords: bionic façade, adaptive façade, energy efficiency

1

Introduction
Improved quality of indoor and outdoor environment can be achieved, in part, by reducing energy
use in buildings and substituting conventional energy sources with renewable energy sources
(RES). Currently, building envelopes have a great impact on the reduction of energy use and
minor impact on the utilization of RES. Until recently, the development of the building envelopes
has been pointed towards the separation of the indoor from the outdoor environment by means of
lower U-values as well as high building airtightness. Since further separating indoor and outdoor
environment is not expected to reduce energy use in buildings as required by the legislation,
scientists and developers are in search for future steps in development. Adaptive façades hold a
potential to further improve the energy efficiency of buildings, by making the most from the outdoor
and indoor environment from heat and mass transfer point of view.
In precedent studies, vertical greenery systems (VGS) have been presented as a step towards
adaptive building envelopes (Šuklje, Arkar and Medved, 2014; Šuklje, Medved and Arkar, 2016).
The results showed that façades with vertical greenery incorporate adaptive properties; such
as evaporative cooling, shading of a building envelope, selective absorption of solar radiation
and sink of CO2 emissions. Among listed properties, evapotranspiration and shading of the
building envelope develop a microclimatic layer at building boundary, which decreases the
energy consumption for cooling. Despite innovative architectural solutions, there are some
drawbacks of VGS that are most commonly related to the maintenance. In order, to overcome the
drawbacks of the natural systems and limitation of the technological solutions researcher employ
new approaches. One of the approaches is bionics, which is about the nature observation of its
properties and principles, and the transformation and the development of these principles into
sophisticated technological solutions (Badarnah and Kadri, 2015). Review on the applicability
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As an alternative to VGS, (Šuklje, Medved and Arkar, 2013) presented a bionic system, which
mimics positives and eliminates some of the disadvantages of VGS. A bionic leaf, a basic structural
element of the bionic façade, consists of a polycrystalline photovoltaic cell and an evaporative
matrix. Enabling evaporative cooling, shading of the building envelope and reduction of CO2
footprint of the building (Šuklje, Medved and Arkar, 2013). In the current study, a numerical model
for the thermal response of the bionic façade (Šuklje, 2015) has been utilized to determine the
performance of the bionic façade in three different climatic conditions.

2

The bionic system
2.1. Bionic leaf
The basic element of the bionic system is a bionic leaf (Fig. 1). The bionic leaf is designed based
on the observation of natural leaves. It consists of a photovoltaic cell (mimicking CO2 absorption of
photosynthesis), an evaporative matrix and a supporting stem with water transport system.

Experimental Tests

of bionic principles in buildings showed that there are numerous possibilities for buildings to
adapt to climate and natural environment to achieve harmonious coexistence with nature, utilize
natural energy sources and reduce energy use in buildings (Yuan et al., 2017). Architects and
designers are progressively searching inspirations for adaptive façade solutions in natural systems,
developing methodologies to transfer biological principles to architectural solutions (ElDin, Abdou
and ElGawad, 2016; Al-Obaidi et al., 2017; Fecheyr-Lippens and Bhiwapurkar, 2017; López et al.,
2017). In addition, bio-inspired concepts and working prototypes of building envelopes as well as
corresponding building energy simulation approaches are already reported in the literature (Loonen,
2015; Zuazua-Ros et al., 2017; Webb, Aye and Green, 2018).

Fig. 2 (a) Front and back view of the bionic leaf and (b) schematic of the cross section of the evaporative matrix with vertical fins
for enhanced heat and mass transport with dimensions in mm.

2.2. The bionic façade
Bionic leaves are used as basic elements of the bionic façade as presented in Fig. 3. It has been
found that the optimal inclination angle of the bionic leaves is 75° as further reduction of the
inclination does not increase evaporation from the bionic leaves. In the present study, the inclination
of the leaves is maintained constant at 75°. The spacing between bionic leaves is determined
experimentally in a way that enables the highest surface area of bionic leaves per surface area of
the façade and at the same time preventing shading of bionic leaves in the row below.

Fig. 3 Rendered picture of the bionic façade applied to the test facility at University of Ljubljana, Faculty of Mechanical Engineering.

2.3. The building envelope
For the building envelope, a wall of the test facility at the University of Ljubljana, Faculty of
Mechanical Engineering was chosen (Šuklje, 2015). The building envelope is assembled of 4 layers
with thermo-physical properties as presented in Table 1. The solar absorptivity of the reference
façade equals 0.75. The building envelope also served as reference façade for the comparative
analysis.
Fig. 1 The bionic leaf, consisting of a photovoltaic cell (top), a evaporative matrix (bottom) and a supporting stem for water
transport.

The evaporative matrix is made of a calcium silicate material. To increase water vapor transfer,
the surface area is enlarged. The back of the evaporative matrix is shaped as vertical fins with
dimensions as presented in Fig. 2. With the evaporative surface equal to 0.068 m2 and volume
equal to 0.00037 m3 per bionic leaf. The evaporative surface area is 2.7 times larger as the surface
area of the photovoltaic cell.
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Table 1: Thermo-physical properties of the building envelope.
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Methods
In the study, thermal response and temperature conditions of the bionic façade in different climatic
conditions are investigated. The study is performed based on the validated numerical models of
the VGS and the bionic façade, presented in detail in references (Šuklje, 2015; Šuklje, Arkar and
Medved, 2015; Šuklje, Medved and Arkar, 2016). For the study meteorological data for three
European cities were chosen; Ljubljana, Madrid and Eindhoven.
3.1. Evaporation rate of the bionic façade
The mass-flow-rate of the evaporated water from the bionic façade ṁBF has been determined
as a function of the meteorological data; outdoor air temperature θe and relative humidity φ, net
radiation heat flux q̇net and wind velocity v. The parametrical model has been derived from the
experimental data measured at the dedicated indoor experimental setup as presented in reference
(Šuklje, Arkar and Medved, 2015).

Experimental Tests

3

The indoor air temperature θi is assumed to be constant at 25°C. The convective heat transfer
coefficient on the interior surface of the building envelope hi, taking convective and longwave
radiation heat transfer into account, is assumed to be equal to 7.7 W/(m²K).

4

Results and discussion
In the study, the heat flux on the inner surface of the building envelope q̇i has been compared for
the cases with and without the bionic façade in three different European cities; Ljubjana, Madrid
and Eindhoven. In addition, air temperatures at the building boundary have been compared to the
outdoor air temperature, which impacts the potential for the heat island mitigation. For the purpose
of the presentation only simulation results from the 23rd to the 30th July are presented, which
corresponds to the hottest period in the analyzed cities.

3.2. Boundary conditions
The meteorological data has been taken from test reference year of the chosen cities for July
and August. In the analyses south- and west-orientated façade has been considered. Boundary
conditions on the exterior surfaces of the bionic façade q̇ bc,bf,e and on the interior surface of the
building envelope q̇ bc,si are expressed as follows:

The solar absorptivity of photovoltaic cells αsol,bf is assumed to be 0.7 and the emissivity εbf
equals to 0.9. The same emissivity is considered for the back of the bionic leaves. View factors of
the front and the back of the bionic façade in relation to the building envelope and surroundings
are calculated using the Monte Carlo method. The corresponding view factors for the 2D space
are presented in Table 2. The transmissivity of solar radiation through the bionic façade τbf is
considered equal to the view factor Fse-amb (Šuklje, 2015).

Table 2: View factors for the surfaces included in the longwave and the shortwave radiation.

The convective heat transfer coefficient on the exterior surface of the bionic façade hbf,e is
determined as a function of the wind velocity as follows:
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Fig. 4 Heat flux on the inner surface of the south- and west-oriented façade with (bf) and without (ref) the bionic façade in
Ljubljana.

Results for thermal response of the building envelope with and without the bionic façade in
Ljubljana in Fig 4 show that heat flux on the inner side of the building envelope is mostly negative,
with the exemption of two days. Despite the difference in the heat flux of the south- and westorientated reference façade the heat flux is nearly the same in the case of the bionic façade
regardless the façade orientation. That is due the low solar transmissivity and effective evaporative
cooling of the bionic façade. The heat flux on the inner side is up to 3.1 W/m2 and 3.3 W/m2
lower for south- and west-orientated façade, respectively. In addition, air temperatures at building
boundary (in the vicinity of the building envelope) are up to 1 K lower, as shown in Fig 5, due the
evaporative cooling effect.
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Fig. 5 Air temperatures at the building envelope boundary of the south- and west-orientated bionic façade in comparison to the
outdoor air temperatures, global solar radiation on south- and west orientated surface tilted at 75° angle in Ljubljana.

In contrast to Ljubljana, the meteorological conditions in Madrid are characterized by higher air
temperatures and higher global solar radiation, which results in greater heat flux on the inner
surface of the building envelope. In the chosen period the heat flux on the inner side of the
reference façade is between -1.2 and 4.2 W/m2 for south-orientated façade and between -1.1 and
5.4 W/m2 west-orientated façade (Fig 6), respectively. Meanwhile, the heat flux on the inner side
of the bionic façade is up to 3 to 4 W/m2 lower. Air temperatures at the building boundary (in the
vicinity of the building envelope) are up to 0.9 K lower than outdoor air temperature during the day
(Fig 7).

Fig. 7 Air temperatures at the building envelope boundary of the south- and west-orientated bionic façade in comparison of the
outdoor air temperatures, global solar radiation on south- and west orientated surface tilted at 75° angle in Madrid.

Meteorological conditions in the chosen period in Eindhoven are, compared to Ljubljana,
characterized by lower outdoor air temperatures, higher relative humidity and comparable global
solar radiation. Heat flux on the inner side of the bionic façade is negative during the entire period
except on the 29th July (Fig 8). The heat flux on the inner side of the reference façade is between
-2.6 W/m2 and 3.6 W/m2 for south-orientated façade and between -2.6 W/m2 and 3.1 W/m2 for the
west-orientated façade. The heat flux on the inner side of the bionic façade is up to 4 W/m2 lower
in comparison with the reference façade. In Fig. 9 the air temperatures at the building boundary
are shown. Similar to the previous cases, the air temperatures at the building boundary with the
bionic façade (in the vicinity of the building envelope) are up to 1 K lower compared to outdoor air
temperatures during the highest cooling load of a building.

Fig. 6 Heat flux on the inner surface of the south- and west oriented façade with (bf) and without (ref) the bionic façade in
Madrid.
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load of a building, the amplitude of the heat flux on the inner side of the building envelope can be
reduced by up to 60%. Also compared to the other two cities, the heat flux is never negative during
the highest cooling load of a building. Air temperatures at the building boundary of the bionic façade
(in the vicinity of the reference façade) are up to 1 K lower the outdoor air temperature during the
highest of the cooling load of a building for all compared climates. Thus, the cooling potential of the
bionic façade could be utilized for local ventilation of a building or for urban heat island mitigation.
In the future study, the outdoor surface temperature of the bionic façade will be compared against
surface temperatures of the reference façade to better understand the heat island mitigation
potential. In addition, an impact of the biofouling and precipitate formation in the evaporative matrix
on the evaporative cooling effect should be investigated in a long-term study.
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Fig. 8 Heat flux on the inner surface of the south- and west oriented façade with (bf) and without (ref) the bionic façade in
Eindhoven.

Fig. 9 Air temperatures at the building envelope boundary of the south- and west-orientated façade in comparison of the outdoor
air temperatures, global solar radiation on south- and west orientated surface tilted at 75° angle in Eindhoven.
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In the paper, a numerical investigation of the cooling potential of the bionic façade in three different
climatic conditions has been performed. The comparative analysis showed that applying the
bionic façade results in a 65% reduction of the heat flux amplitude on the inner side of the building
envelope in Ljubljana and Eindhoven. It can also be ascertained that the heat flux is predominantly
negative, which indicates to the high cooling potential of the proposed bionic system. Even though
meteorological conditions in Madrid, in comparison to the other two cities, impact higher cooling
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Design requirements for bomb blast protection are a challenge for façade engineers because of
complex interaction of various elements with different mass and nonlinear stiffness. There are different
mitigation techniques available depending on the hazard rating. Rigid protecting structures are
neither accepted by architectural design demands, nor by occupants who do not want to be affected
by obvious protection in daily life. As a result, smart blast enhanced façade solutions that cannot
be distinguished from conventional facades are required, being capable of providing the required
safety level. With introduction of dissipative façade brackets the dynamic analysis of the façade
MDOF system can be balanced due to beneficial inertia effects. The dissipative bracket attracts the
blast wave energy in lieu of the glazing, so that a switch of the typical load chain becomes possible.
The probability that the glazing remains in uncracked state increases while the dissipative bracket
dissipates the energy. In addition, the reaction to the primary structure can be mitigated. Objective
of this paper is a characterization of different dissipative materials with respect to applicability in
dissipative bracket design for bomb blast protection. Therefore, experimental tests of different crash
absorbing materials in low-speed and high-speed mode are performed. . On the basis of single
component test results, material characteristics are identified and transferred to hybrid systems,
because single crash absorbing materials have advantages in combination with disadvantages for
blast enhancement design. Hybrid systems can benefit from positive dissipative effects by attenuating
the disadvantages at the same time. In addition, dynamic increase factors (DIF) between 1.0 and 1.30,
depending on component materials, are observed in the experimental tests.

Keywords: Bomb blast, Dissipative bracket, Blast enhanced façade, Crash absorption, True
balanced design

1

Introduction
Today, blast protection for façades is recognized as a performance requirement in sensitive areas
around the world, as blast enhanced façades can provide significant protection against blast
wave effects. Typical curtain wall façades may remain nearly unchanged from an architectural
point of view while being upgraded to optimized blast protecting design. During the 1990’s banks
and financial institutions in London were frequently targets of terrorism. Usually, the terrorist
objective was the disruption of the economic and politic leadership of the British capital, while the
lives of occupants were preserved by terror warnings. At that time, blast protection focused on
office buildings by minimizing financial losses in form of exterior and interior damage, to preserve
business activities. With the beginning of the 21st century, the crowded places have become more
exposed to the terrorist threat (National Counterterrorism Security Office 2012), where the lives of
human beings are considered as the primary terrorist target. In general, blast enhanced façades
are capable of protecting occupants from blast wave overpressure and they are rated in terms of
hazard criteria, e.g. ISO 16933 (2007). Here, the possible impact of glass fragments striking the
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2

Blast Load
Henrych (1979) describes an explosion as „a sudden physical or chemical change of the
state of mass, accompanied by a release of energy and by motion“. Most terror attacks near
buildings are committed by detonating chemical explosives, where the velocity of propagation
within the explosive compound is beyond the speed of sound of the material. After the reaction
of the explosive compound an overpressure wave is generated in the surrounding air with an
instantaneous rise of pressure. Most explosive charges detonate near ground surface, so the
pressure wave propagates by hemispherical shape and the overpressure is decreasing with respect
to the increasing air volume until the overpressure is equalized to atmospheric pressure. Clearly,
the peak overpressure is decreasing with increasing stand-off distance from the centre of explosion.
A negative pressure is generated due to mass inertia effects of air particles after equalization to the
atmospheric pressure as air particles are still moving. Encountering a rigid surface like a building
the blast wave is reflected, resulting in pressure increase due to abrupt stop of air molecules. The
reflected pressure on a surface may be up to 20 times amplified in comparison to the incident
pressure. Figure 1 presents a typical time-pressure history of blast waves encountering buildings,
while all pressure is expressed with respect to the atmospheric pressure. The duration of positive
phase depending on the blast load scenario is in a range between 5 to 20 ms, while the negative
phase is a multiple of the positive one.

Experimental Tests

occupants has to be mitigated as more than 80 percent of injured people may be lacerated by
flying glass (Harpole 1995). However, although the main threat for occupants is resulting from glass
fragments, all façade components influence the dynamic behavior of the façade under blast action.
Mass and stiffness of glass panel, mullion and transom and façade bracket may be balanced within
the MDOF system to reduce the probability of glass failure.

in case of bomb blast event is accepted”. In this context, the negative phase may become design
relevant within the structural calculation.

3

Façade Connection to Concrete Slab
3.1.

Dissipative Bracket

A typical situation for the fixing of the façade to the concrete slab is presented in the Figure 2. The
façade is provided with a variable joint connection to the bracket. This joint connection is able to
compensate tolerances in height (z-direction). The bracket transfers the dead load of the façade
and the wind loads in inward and outward direction to the anchor channel, which is embedded as
cast-in solution into the concrete slab. Tolerances in position can be compensated by the anchor
channel in x-direction and by the bracket in y-direction.

Fig. 2 Typical connection of façade element to concrete slab substructure.

In most cases, the façade connection to concrete slab tolerates enough space for a novel
dissipative bracket design (Lumantarna et. al 2017). This development is inspired by crash
absorption principle known in automotive applications and implemented in blast enhanced cable
facades (Wellershoff 2011).

Fig. 1 Typical time-pressure history of blast wave encountering a building.

The system consists of a bracket with a rigid behavior under conventional non-blast loads, while
it deforms in a controlled way when the external force exceeds a certain threshold value. Due to
the combination of energy dissipation and façade movement towards the concrete slab, the MDOF
system of the façade can be balanced to a beneficial behavior of inertia effects. In general, the
dissipative bracket deformation capacity is limited by the façade to slab distance. Within this space
the full façade can move towards the concrete slab in case of a blast wave impinging the façade.

Usually, only the positive phase is considered in blast design by idealized blast load, assuming a
maximum reflected overpressure pr,max dropping linearly to zero. Failure of the façade to the outside
of the building due to underpressure phase is accepted within this assumption (Wellershoff et al.
2012). However, some project performance specifications recommend consideration of positive
and negative phase effects as the specific impulse is approximately on the same level. The specific
impulses for each phase consist of the integral of pressure difference over time, shown as grey
areas in Figure 1. Although the minimum peak pressure of the negative phase is much lower than
the one of the positive phase, rebound forces may overlap with the longer lasting negative phase.
Depending on the hazard rating criteria applied to the façade, various scenarios may be discussed.
Here, the boundary ratings range from “façade remains undamaged” to “severe façade damage
Fig. 3 Dissipative bracket principle.
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True Balanced Design Approach with Dissipative Bracket

Since the 1990’s blast enhanced façades have been used to avoid the risk of blast waves entering
the building during a blast event. Initially the enhancement has been applied by rigid behavior
concept in the first generation of blast enhanced façades. The second generation “balanced
design approach” takes advantage from the energy dissipation capability of the glass panels. Here,
the glass panels are regarded as sacrificial elements, which in case of a blast event dissipate
energy by controlled permanent deformations. Major characteristic for second generation of
blast enhanced façades is that the dominant element for the blast wave energy dissipation is
the laminated glass, designed to crack in compliance with hazard requirements. Framing and
connections are designed with respect to the maximum glazing capacity, resulting in stiff supporting
structures. Usually, glazing performance is assessed considering rigid glass supports on the
safe side. In contrast, the “true balanced design approach”, a third generation for the calculation
assessment of blast enhanced façades, is an upgrade of the second generation. In particular, the
third generation takes advantage of the benefits from the dissipative bracket.

Fig. 4 Energy dissipation balance in glazing (bottom) and bracket (top) for second (left) and third (right) generation enhanced
façades.

Due to the energy dissipating façade movement towards the concrete slab, the MDOF system of
the façade can be balanced to a beneficial behavior with the help of inertia effects. In particular,
stresses within façade components can be controlled up to a certain extent. The dissipative bracket
attracts the blast wave energy in lieu of the glazing, so that a switch of the typical load chain
(glass - transom/mullion – bracket – concrete slab) becomes possible. The probability that the
glazing remains in uncracked state increases while the dissipative bracket dissipates the energy.
In addition, the reaction to the primary structure can be mitigated, if the available dissipative
deformation within the bracket is not exceeded. Under these circumstances the dissipative
bracket can be a key component to realize a controlled scheme for blast protection in façades.
For instance, it can be calibrated to be activated beyond water tightness requirements. Here, post
event inspection may be done with the help of the final bracket status. In this way, the façade
units without activated brackets would not require replacement. The façade units with activated
brackets would require replacement, but in general they will not require slab repair if the available
dissipative deformation is not exceeded. When the available dissipative deformation is exceeded, a
replacement of the fixation and repair of the slab is required as the elastic conditions of the fixation
are exceeded. However, the fixing remains a critical component in order to provide robustness and
stability to the façade after a blast event.

Experimental Tests

3.2.

4

Experimental Testing
4.1.

Experimental Setup

The experimental testing was performed in the laboratory of HafenCity University Hamburg (HCU)
with piston speed of a servo hydraulic machine from low-speed mode (3E-05 mm/s to 1 mm/s) to
high-speed mode (1 m/s to 3 m/s). The piston speed represents the travelling velocity of the façade
towards or away from the concrete slab in a blast event. The experimental tests consist of four
different experimental setups:

•
•
•
•

Component testing of crash absorbing materials
Bracket testing in stiff steel substructure
Bracket testing in concrete slab substructure
Anchor channel testing in concrete slab substructure
Objective of experimental testing is the characterization of different crash absorbing components
with respect to applicability in dissipative bracket design for bomb blast protection. Here, the
selection of suitable crash absorbing components is relevant for true balanced façade design,
as a reliable component is crucial for the performance of the façade under blast load. Therefore,
different crash absorbing components with distinctive characteristics were tested. Research focus
of component testing was the identification of loading capacity, standard deviation and dissipative
behavior of different crash absorbing materials. Bracket testing in stiff steel substructure is used to
analyze the total bracket behavior in low-speed and high-speed mode, so that dynamic effects are
identified. Both directions – inward and outward – are examined for realistic blast load scenario.
Here, advantages and disadvantages of different crash absorbing components are combined
in hybrid variations, in order to achieve a suitable bracket behavior under high-speed condition.
Bracket testing in concrete slab substructure is dedicated to the overall behavior of the bracket
system in combination with the anchor channel and concrete slab. Moreover, the anchor channel
behavior under low-speed and high-speed conditions is examined separately. In this way, the
performance of different types of anchor channels with regard to various load directions and loading
speed can be examined.

			 a)						b)
Fig. 5 Dissipative bracket. a) Dissipative bracket in undeformed state with hybrid crash components aluminium sleeves and
dissipative concrete. b) Dissipative bracket after inward testing.
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Crash Absorbing Components

The idea of crash absorbing components is well known in engineering applications, for instance in
improving crush zones in car design. Alghamdi (2001) reviews common shapes and deformation
modes of energy absorbers, e.g. circular tubes, square tubes, truts and foam. Pled et al. (2007)
investigate in a numerical study the crushing behavior of circular aluminum tubes with and
without aluminum foam fillers and predict post-buckling behavior with respect to buckling mode
classification. Applications in façade design are shown in Amadio & Bedon (2012) and Viefhues
et al. (2014). There are various materials available, being capable of absorbing energy with large
deformation capacity. The focus of the presented investigation was on aluminum foam, aluminum
tubes and dissipative concrete elements (Fig. 6). The dissipative concrete is a further development
of HafenCity University Hamburg on the basis of Viefhues et al. (2014).

Experimental Tests

4.2.

		 a)						b)
Fig. 7 Load-deformation gradient. a) Characteristics of load-deformation gradient. b) Gradients of low-speed tested crash
absorbing components.

		 a)			
b)			
c)
Fig. 6 Crash absorbing components. a) Aluminum foam. b) Aluminum tube. c) Dissipative concrete.

In order to ensure a suitable crash behavior in a blast event, several criteria should be fulfilled by
the crash absorbing components. Firstly, the load-deformation gradient should have a small drop
Δp after the first peak pmax in order to reduce uncontrolled dynamic response of the façade system
(Fig. 7a). Secondly, the energy dissipating horizontal absorbing plateau should be horizontal, stable
and consisting of a wide plastic range lpl, to allow absorption of a big amount of energy within the
dissipative bracket. Thirdly, the standard deviation of load- deformation behavior should be low, as
the design load range between maximum wind load and minimum blast load can be small, requiring
a reliable and predictable design. Figure 7b presents four different crash absorbing components
with their distinctive load-deformation gradients under low-speed testing of single test specimens
(Fig. 6a). The y-axis is normalized to the value of 1.0 for pmax in order to facilitate the comparison.
The aluminum tube in local buckling mode has a wide range lpl to dissipate energy, but a drop after
pmax in combination with an unstable plateau. Both aluminum foams have almost no drop after pmax,
but the absorbing range lpl especially of aluminum foam (supplier 1) is comparatively small. Finally,
the developed dissipative concrete has a stable plateau combined with a small drop Δp after the
first peak pmax.
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An investigation of the mean values, standard deviations of first peaks pmax, dissipated energies
and component masses shows obvious differences between the crash absorbing components
in low-speed testing (Fig. 8). Depending on the manufacturing process the standard deviation
may be high for aluminum foam, low for dissipative concrete and very low for aluminum tubes.
Therefore, the number of tested specimens is reduced for dissipative concrete and aluminum tubes
in contrast to aluminum foam. For comparison reasons, all mean values are normalized to a relative
value of 1.0. Aluminum foam (supplier 1) has a big scatter in pmax and dissipated energy which
proofs the material to be inappropriate to secure blast protective design. The scatter of aluminum
foam (supplier 2) is significant lower, but not reaching to the level of dissipative concrete or even
aluminum tubes, having the least standard deviation.

			

a)						b)
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			 c)						d)
Fig. 8 Low-speed test results of crash absorbing components. First peak pmax according to Fig. 7a, dissipated energy at 30 %
engineering strain, component mass and standard deviation SD. a) Aluminum foam (supplier 1). b) Aluminum foam (supplier 2).
c) Dissipative concrete. d) Aluminum tube 20 mm x 1 mm x 80 mm.

			 a)						b)
Fig. 9 Low-speed and high-speed first peak loads pmax. a) Dissipative concrete and 2 aluminum tubes 20 mm x 1,5 mm x 110
mm. b) Different aluminum tube constellations.

4.4. Anchor Channels
4.3.

Hybrid Systems

Hybrid systems consisting of different crash absorbing component combinations were tested within
the bracket on the stiff steel and concrete slab substructure. Aluminum foam, dissipative concrete
and various types of metal tubes were combined. All tests were recorded for optical control with
cameras up to 20,000 fps for high-speed mode. In order to combine the benefit of positive effects of
aluminum foam (supplier 2) and dissipative concrete, with the ones of aluminum tubes by mitigating
at the same time the disadvantages, different hybrid combinations are investigated. However, focus
of the investigation was on dissipative concrete in combination with aluminum tubes. Dissipative
concrete has the advantage that the failure strength level is 10 times higher than the failure
strength level of aluminum foam, so that the dimensions of the bracket can be kept in a reasonable
and economic size. Two different recipes of dissipative concrete with high and low compression
strength were developed. Here, expanded clay material is used as main ingredient to control the
dissipative characteristic of the concrete. The hybrid system, consisting of dissipative concrete and
aluminum tubes, shows an average dynamic increase factor on the first peak pmax of approximately
1.20 (Fig. 9a), while the dissipative concrete is bearing approximately 2/3 of the loading. The
dynamic increase factor (DIF) for dissipative concrete crash absorbers only cannot be determined
with reliable statistical validity due to few tests, but it can be expected to range in between 1.15
and 1.30. The DIF for aluminum tubes in local buckling has a lower extent, in between 1.0 and 1.15
(Fig. 9b).
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Anchor channels are often used to fasten Curtain wall façades to concrete structures. The anchor
channels are installed surface flush either top of slab (TOS) or front of slab (FOS) into the concrete
element. The channel profiles are available in different length equipped with at least two anchors
to transfer the loads acting on the channel bolts via the channel profile into the concrete. In the
research described in this paper, two different types of anchor channels were tested: 1) standard
channels with a length of 350 mm 2) rebar channels with a length of 450 mm. So called rebar
channels are anchor channels with reinforcing bars attached to the channel profile in order to
increase the shear resistance close to the edge. The anchor channel systems were loaded with two
channel bolts M20 (steel grade 8.8) tightened with 100 Nm with different rates, low- and high-speed
loading both with and without a dissipative bracket. The concrete specimens were produced with
strength class C30/37 in heights of 150 mm and 200 mm. Since the amount or reinforcement is
typically not known, the tests were performed with the minimum reinforcement required. Shear
loads up to 250 kN were applied to the system. In all tests steel failure characterized by local failure
of the channel lips with subsequently pullout of the channel bolts occurred. The test results are
shown in Figure 10. It can be seen that for the standard channels the mean dynamic increase factor
is 1.1 whereas for the rebar channels no dynamic increase could be observed. Also, the direction of
loading (inward or outward) does not seem to have an influence on the dynamic increase factor.
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Experimental Tests
Fig. 10 Typical failure mode for both standard and rebar channels in the experimental investigations.

design with regard to a considered blast event. In terms of façade refurbishment after a blast event,
one concept may be, that the plateau of the dissipative bracket is designed to stay within the elastic
limit of the anchor channel, having the possibility to replace the façade and the bracket after a blast
event, whereas the cast-in anchor channels can be reused to fasten a new façade system.
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b)
			
a)					
Fig. 11 Low-speed and high-speed failure load of cast-in anchor channels. a) Standard channel b) Rebar channel.

5

Conclusions
The true balanced design approach is one method to enhance a façade in order to resist bomb
blast loads. By means of the dissipative bracket integration the dynamic analysis of the MDOF
system can be balanced with respect to inertia effects, so that the blast wave energy is controlled
and partially dissipated. There are different crash absorbing components available with distinctive
characteristics. A suitable crash absorbing component should be selected, depending on the hazard
requirements of the façade and the crash absorbing component characteristics, i.e. suitable loaddeformation gradient and low statistical scatter of its behavior. Within the tested crash absorbing
components, dissipative concrete and aluminum tubes show better characteristics for dissipative
façade brackets than both aluminum foam components. As a single component usually does not
comply with all requirements, hybrid systems may be proposed as an effective alternative. Here,
positive effects can be combined, while mitigating negative characteristics. The investigated hybrid
system consisting of dissipative concrete and aluminum tubes showed a good low-speed and highspeed performance with a DIF of 1.20 and additional advantage that the dimensions of the bracket
can be kept in compact size due to the high strength of dissipative concrete. Knowledge with regard
to DIF and scatter of the crash absorbing component enable engineers to realize a specific bracket
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Post-occupancy evaluation is a valuable method of generating information on the performance of
adaptive building façades in relation to users. This evaluation technique involves both procedural
methods, such as soft-landing, and empirical measuring, such as environmental monitoring or selfreporting techniques including surveys. Several studies have been carried out in recent decades to
identify the most appropriate methods for occupant comfort, well-being, productivity, satisfaction, and
health assessments in workplaces. Post-occupancy evaluation of adaptive façades can, however, be
a challenging task and information on this topic is still scarce and fragmented. The main contribution
of this paper is to bring together and classify the post-occupancy evaluation methods for adaptive
façades and suggest a framework for their holistic evaluation. Specific recommendations for
improving current standards and guidelines are outlined here to enhance occupant satisfaction and
environmental conditions in workplaces for future design projects. Finally, we discuss various ongoing
trends and research requirements in this field.

Keywords: advanced façades, user interaction, measurement, surveys, criteria, framework, indoor
comfort
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Occupant-Adaptive Façade Interaction:
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b) Eindhoven University of Technology, The Netherlands
c) Université de Liège, Belgium
d) University of Navarra, Spain
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Adaptive or Intelligent façades are those that can interact with users and dynamically vary their
performance or properties (controlling thermal or solar energy, air flow and/or daylight) in response
to changing external conditions and indoor demands. Consequently, adaptive façades could help
to ensure occupant comfort, health, well-being and satisfaction, while allowing resource-efficient
building operation. However, effective adaptive façade solutions that provide an optimal balance
between user comfort, satisfaction and energy efficiency cannot be achieved without knowledge of
the multidisciplinary complexity of the user-façade interaction. The main objective of this paper is to
preliminary review and analyse the existing literature on user interaction with intelligent buildings,
especially with façades, and to propose a conceptual framework to capture the multi-disciplinary and
multi-domain complexity of user interaction with adaptive façades. The interaction between adaptive
façades and occupants is then modelled as a closed loop of information and action exchange. This
paper concludes indicating which are the future research needs to be addressed in order to define
what is a satisfactory interaction strategy between occupants and façades.

Keywords: adaptive façade, user interaction, dynamic control, occupant satisfaction

1

Introduction
Adaptive façades are smart and responsive systems where an IT control strategy can vary
façades performance to increase buildings resource-efficiency (Favoino et al., 2013), but also to
interact with occupants in order to tailor environmental conditions to dynamic demands for comfort
and well-being (Konis & Selkowitz, 2017). The interaction between occupants and façades is a
multidisciplinary and complex relationship with multi-domain effects and conflicts (Loonen et al.,
2013). However, the nature and the effects of these mutual interrelationships between occupants
and façades is yet to be completely defined (Attia 2018) and also their impact on other building
components, such as building management systems (BMS), needs to be investigated. The clear
definition of which are the potential interactive relationships between occupants, façades and,
additionally, BMS systems is a crucial step towards satisfactory adaptive and smart buildings in
both design and operational stages.
The aim of this paper is to review the existing literature on this topic and to initially define which
are the potential interactive relationships between occupant, adaptive façades and other building
systems and, consequently, identify potential conflicts in the level, mode, frequency of those
interactions. Section 2 presents the methodology applied to develop this preliminary review. Section
3 discusses the main conflicts in selected interactive relationships. Section 4 proposes then a
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2

Methodology
This paper is the result of a literature review on the interactive relationships between occupants
and adaptive façades, which was developed within the COST TU 1403 “Adaptive network”
participants. For the purpose of this study, adaptive façades are considered as composed by both
a hardware (the façade) and a software (the ensemble of embedded IT - information technologies).
The literature review has been structured then according the overlapping conceptual areas within
Façades, IT systems and Occupants in the Vern diagram in Figure 1: 1) Relationships and conflicts
within IT systems and Occupants, which includes the interaction of occupants with the control
logic of the façade either requiring action and information or providing feedback; 2) Relationships
and conflicts within IT systems and Façades, which includes the logic control actions towards the
facades and potential information exchange on its performance; 3) Relationships and conflicts
between Occupant and façades, which includes any direct interaction of occupants with facades,
similarly to occupant interaction with traditional facades. In addition, the interaction within BMS
systems and Façade control strategies was also preliminary included (Figure 1, number 4). This
literature review was considered by the authors as a preliminary attempt to investigate the mutual
relationships between IT systems or control strategies, occupants and façades and with the
full-awareness that this is an initial work and it could serve as basis for a more comprehensive
understanding of the multidisciplinary complexity of the interaction between occupants and façades.

Figure 1 Vern diagram of the literature review topics addressed in this work

3

Literature review on Occupant-Adaptive Façade Interaction
3.1. Relationships and conflicts between occupants and adaptive façades IT systems or control
strategies
Due to the multisensorial effects of façades and the highly-individual response of occupants,
designing for user interaction with dynamic envelopes is a challenging task and conflicts and
inconsistencies often arise (Day & Heschong, 2016). In the literature review, two different types
of conflicts have been identified when occupants interact with intelligent façades: 1) Conflicts
among users in relation to their personal control; 2) Conflicts between users and automatic control
strategies.
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conceptual model to frame the interactive relationships between occupant and adaptive façades as
a closed loop. Finally, Section 5 indicated the future research efforts to be made on this topic and
concludes with the main finding from this review.

Conflicts among users often arise in shared office spaces (Galasiu & Veitch, 2006), since
comfort expectations tend to be highly individual and, hence, ensuring appropriate environmental
conditions and control for all users can be burdensome. The wealth of research on individual based
environmental services in modern office environments is a response to this challenge. However,
façade are usually considered as a shared components and, consequently, just designed to avoid
severe discomfort scenarios (Fabi et al., 2014). Moreover, their effect on users strongly depends
on occupant location. Defining a control strategy that can satisfy all users demands is then a
challenging task and a question arises as whether the level of control required for user satisfaction
is dependent on the occupant position (Cohen et al, 1998). For instance, the occurrence of fully
raised lower blinds was found to be dependent on the distance between occupants desktop and
the external façade by Haldi and Robinson (2010). However, several studies have also shown
that users in open space offices can be either active or passive independently from their location
in the space. Active users tendency to take responsibility of controlling the environment on behalf
of others co-workers, depends more on personality features than occupants position among the
space. Hence, providing different interfaces and degree of control according to the position to the
façade might not be the most appropriate solution for a satisfactory interaction.
Identifying which is the appropriate balance between personal control and automatic strategies is
one crucial aspects, as shown from the literature review. Occupants inclusion in the “control loop”
is widely recognized as being paramount to occupant satisfaction (Heerwagen & Diamond, 1992;
Norman, 1994) and when their environmental control is denied users tend to become “infuriated”
with automatic control strategies (Cole & Brown, 2009). The appropriate balance between personal
and automatic strategy is not, however, easily generalised, since it depends on several factors. Day
and Heschong (2016) report that there is no clear universal tendency for user preferences between
manual and automatic controls. Nonetheless, there are two valid principles identified in literature
(Day et Heschong, 2016): a) automated controls are more accepted if users can override them; b)
automatic controls are highly accepted if they meet user preference, otherwise they are perceived
as strongly uncomfortable.
The type of control is also influencing user acceptance of automatic strategies (Day & Heschong,
2016). For example, several studies have shown that people are more likely to accept blinds being
raised rather than lowered (Galasiu & Veitch, 2006; Venkatesh et al., 2003; Reinhart & Voss, 2003).
The balance between personal and automatic control can also be adjusted at different stages
of the building life. Levels of automatic control could gradually increase together, and in parallel,
with their users acceptance. In this sense, Matthew and Vic (2012) reported a user evaluation of
an “adjustable autonomy system” (Matthew & Vic, 2012), whose levels of control were gradually
increased, as the user gained confidence with the interactive system. Consequently, allowing for
the most appropriate personal control is important for a satisfactory interaction of active users in
intelligent buildings. Users preferences on personal control modalities are also influenced by the
type of intelligent façades and the frequency with they would like to interact and override automatic
systems. Meerbeek (Meerbeek et al., 2014) showed that users can be classified according
“different usage patterns and attitudes”, namely: minimal users control, regular user control, active
user control and system control with manual override. Several factors can influence usage patterns
and attitudes. For instance, Bakker underlined the importance of the distance from the façade in
defining the desired interaction frequency (Bakker et al., 2014). The effect of the distance from
the façade on occupants’ level of perceived control was identified, as well, by Boestra (2016). The
influence of space typology on user behaviour (O’Brien et al., 2013) or acceptance of automatic
controls has also been widely reported in literature (Attia 2015 and 2016ab). Occupant behaviour
has also been shown to depend on orientation (Fabi et al., 2012).
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The existing wealth of research on occupant interaction with windows or façades has already
largely investigated the relationships between occupant and window or façade operation. For
instance, Wymelenberg reported an extensive review of the patterns of occupant interaction with
window blinds (Wymelenberg, 2017) or Fabi et al. (2012) for occupant window opening behaviours.
Conflicts are usually related to: a) user misunderstanding of window and façade operation or means
for their personal control; b) the simultaneous and multi-domain effects of façades on occupants; c)
conflicts within multiple users in shared spaces (Stazi et al., 2017).
Occupant misunderstanding of personal control modes can often generate frustration and strong
environmental dissatisfaction, while also undermining passive energy-efficiency strategies (Janda,
2011). In this sense, occupants training on building operational strategies plays a crucial factor,
as shown by Day and Gunderson (2015), who reported that occupants with effective training were
significantly more satisfied with their office environment. Window signalling systems are also one
example of new communication modes between façades and users that can better inform user on
optimal window operation (Ackerly & Brager, 2013).
Since any change in façade operation and performance can potentially affect more than one
environmental domain, discrepancies with conflictive occupant demands often arise when an
optimal balance in façade environmental performance is not achieved. Conflicts between acoustic
comfort and natural ventilation are an example of these discrepancies. Successful façades should
allow satisfactory operational modes, ensuring for instance outside view while preventing glare
discomfort and maintaining energy efficient building operation (Loonen et al., 2013). Studies on the
motivation behind user behaviour driven by discomfort (Fabi et al., 2012; Zhang & Barrett, 2012;
Stazi et al., 2017) are in this sense useful to inform automatic control strategy about which control
employ, even in conflictive scenarios.
As already mentioned for the conflicts within occupant and façade control strategies, the social
dynamics of shared office space can also have strong impact on user operation of façades (Fabi et
al., 2012). For instance, Cohen et al. (1998) reported that all manual controls in open-plan offices
tend to follow operational pattern that minimise conflicts among users but do not optimise building
performance.
3.3.

Relationships and conflicts between BMS systems and façades IT systems
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3.2.

BMS in order to correctly align both control strategies. BMS systems or façade automatic controls
are often only relating on central weather stations, which are not sufficient to read significant
changes on façade performance according to the distance from or the orientation of the façade.
The role and location of façade and BMS sensors and actuators need also to be update in time in
order to ensure scalable and flexible exchange of information and feedback between both logics
(Comminges & Dugué, 2015). For example, this happens when occupancy pattern changes or
either presence of new obstruction on the façade are not recorded by BMS system or, alternatively,
when open and flexible spaces are commonly designed in office buildings. Conflicts arise when
inconsistencies in the flexibility of the layout and the adaptability of the façade exist (Juaristi &
Monge-Barrio, 2016), and in addition, BMS system are not consistent with this relation. Therefore,
façade and BMS should also be compatible enough with the re-design of the open space, providing
as much flexibility as possible. To conclude, there is a need for connecting both façade and BMS
intelligences from early design stages (Puglisi & Ciaramella, 2016), in order to ensure their smooth
interaction through a flexible and scalable exchange of data.

4

Proposed framework of relationships within occupant,
adaptive façades and BMS systems
For the purpose of this paper, the interaction between adaptive façades and occupants has then
been modelled as a closed loop of mutual relationships amidst the façade, the occupant and the
IT control strategy. As shown in Figure 1, the user-façade interaction embraces different type of
interchanges between occupants and the intelligent façades. A satisfactory interaction between
occupants and intelligent envelopes fulfills all needs of the system for interacting in a closed loop
between occupants and the adaptive façades (Konis & Selkowitz, 2017). From the review, the
interaction between users and dynamic façades has been divided in (Figure 1): 1. The interaction
between users and the IT system, both as capability of the user of overriding and personally control
the IT strategy (a) and of the IT system to read user feedback and demands (b); 2. The interaction
between the IT system and the façade, both as active capability of IT to control the façade (a) and
read data from its performance (b); 3. The interaction between the user and the physical interface
of the façade, including the façade opportunity for being an information hub for users (a) or the
possibility of occupants for changing the façade properties (b); 4. The interaction between façade
control strategies and BMS systems, façade control strategies can read performance data from
façades and change the BMS inputs (a) or the BMS can change the façade behaviour to improve
energy efficiency strategies (b). Depending on the façade and IT technology, all these features
need to be present and characterise in terms of level, mode, frequency and space in order to
ensure a satisfactory interaction strategy.

BMS and façade control strategies are strongly related since façades are the primary origin of
heat losses and the principal building component in modulating solar radiation intake and natural
ventilation strategies. Consequently, BMS are designed in response and completion to façade
performance to ensure acceptable indoor conditions. Optimal façade control strategies can
minimise peaks in cooling and heating loads and reducing over-lighting due to control of direct solar
penetration (Halawa et al., 2018). Pervasive Sensing (Kumar et al., 2016) and Building Automation
(Merz et al., 2009) allow to develop reactive and even predictive integrated control strategies
where BMS and façades IT systems can communicate to mutually adapt their performances and
potentially predict future control patterns. Integrated lighting and façade control strategies are an
example of these adaptive integrated building controls.
Discrepancies between BMS and façade control strategies often arise when the granularity of
communication between both logics is not sufficient either in space or in time. For instance, there
is a need for a sufficient number of façade sensors in space and for them to communicate with
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In order to minimise the discrepancies and conflicts highlighted in Section 3, whilst maximising
occupant satisfaction with the environment and building operation, this conceptual model has been
framed as a closed loop of mutual information and controls exchange between users, adaptive
façades (considering both the IT central intelligence and the façades components and actuators)
and potentially BMS systems. The implementation of this closed loop of interaction strategies
is considered fundamental for the delivery of satisfactory intelligent buildings, where alternative
intelligences (BMS, occupants and adaptive façades) are connected and communicating with
each other. This closed-loop of interactions could allow multiple responsive system to share their
real-time sensorial information or stored database and simultaneously inform any responsive or
adaptive control strategy within the building, even to predict future occupant demands or energyefficiency strategies. Nevertheless, this model is still an initial framework and there is a need for its
further development in order to include in detail the multi-domain and multi-disciplinary complexity
of alternative scenarios and directions of interaction.

5

Conclusion
This paper reports initial findings on the relationships and conflicts generated by the occupant
interaction with adaptive façades. This ongoing work is part of the Working group 3, COST Action
TU1403 “Adaptive Facades Network”, and aims to investigate which are the main drivers of a
satisfactory interaction between occupants and façades. This review has been focusing on the
main relationships and conflicts between occupants and adaptive façades. Given the existence of
multiple potential conflicts within IT and BMS control strategies, adaptive façades and occupants,
this paper proposes a conceptual model of interaction strategies as a closed loop of information
and actions exchanges in order to connect all the intelligences involved and ensure a smooth and
satisfactory interaction strategy.
Next work will further investigate the multi-disciplinary complexity of those interactive relationships,
defining which are potential exchanges of feedback and controls between occupants and adaptive
façades. Consequently, further work is needed to define which are then the satisfactory modes and
frequency of those flow of information and controls.
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Figure 2 Proposed framework of relationships within occupant, adaptive façades and BMS systems.
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Offices are the daily work environments for a majority of the working population in all societies.
Considering that employees often spend more than 40 hours per week at work in offices, it is clear that
workplaces greatly influence their mental status, actions, abilities and performance. It is obvious that
for these people work comfort is essential for quality of work, greater productivity and creativity and
the preservation of health. Façade concept and structure should be designed to provide satisfactory
user comfort. Authors of this article conducted a survey in order to assess how employees evaluate
the achieved comfort in the case of different office types and facade technologies and to highlight
factors that interfere with a pleasant atmosphere for work, or in other words disrupt comfort, and to
perceive how it affects human health. These factors act as stressors on humans and can be physicaltemperature, noise, light, air-quality and social-privacy and personal environment. New technology
and design can be generators of stress for people working in the office space. The research highlights
some effects of these stressors. The paper discusses the questionnaire created by authors in order to
clarify the sources of stressors, and the effects that these stressors have on human behaviour, to his
personality, especially on oral hygiene. The fact that emotional states can be associated with comfort
conditions confirms the importance of integrated design and presents the architectural challenge.

Keywords: office types, facade types, comfort, stressors, questionnaire, employee’s health

1

Introduction
The satisfaction of the human being has always been the sense of architectural creativity. The
relationship between architecture and people is very multiplex and its quality is perceived through
pleasantness. It is a very complex topic and can be treated from different angles. Contemporary
approach in architecture is defined for energy efficiency and environmental responsibility and thus
introduces new space organization schemes, functional patterns, and design and construction
technologies, mainly requiring creation of new materials.
Architectural design has a significant impact in everyday life. In this regard should be noted the
observation by Ernest Dimnet that of all arts the architecture is the one which acts the most
slowly, but the most surely, on the soul (www.brainyquote.com/quotes/ernest_dimnet_161039).
Also, it is appropriate to mention the following statement by Steve Jobs: “Design is not just what it
looks like or feels like. Design is how it works.” (www.brainyquote.com/authors/steve_jobs). Cities
and buildings are architectural creations. These creations make a complex dialogue between
themselves and with their environment and users. Innovative concepts of architectural objects aim
to meet many requirements such as energy efficiency, eco-friendliness, use of advanced materials
and user satisfaction. Architect Bjarke Ingels declares in an interview for ArchDaily: ”Architecture is
the art and science of making sure that our cities and buildings actually fit with the way we want to
live our lives: the process of manifesting our society into our physical world.” (Basulto 2014).
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When it comes to comfort, more and more new buildings have dynamic envelopes thanks to the
potential of innovative building envelope technologies and materials, and this concept is called
an adaptive facade. Adaptive facades are building envelopes that can adjust to changing climatic
conditions on an hourly, daily, seasonal, or annual basis (Attia 2017). Conventional building shells
typically have static properties and no ability to behave in response to these changes (Loonen et
al. 2013). In the case of conventional curtain walls, indoor comfort is most often achieved artificially,
as a function of mechanical and electrical systems – HVAC and artificial lighting, indicating a
need for further development in terms of user activation/contribution. Contemporary orientation is
natural heating, lighting and ventilation of the inner space. Adaptive facades respond mechanically
or chemically to external climate dynamics to meet inside load requirements (cooling, heating,
lighting, or ventilation) and occupants’ needs (Attia 2017; Loonen et al. 2013). Their functioning in
terms of responding to external climate, daily and annual changes are mainly computer controlled,
thus controlling integrated ventilation, air-conditioning, heating technology and adjusting the sun
protection to the prevailing conditions. Most automated facades invite little bodily participation both
from the occupants’ perspective within the building and larger urban participation from the outside
(Anshuman 2005). Baker and Steemers (2000), exploring the roles of occupant controls in the
environmental performance of buildings, concluded that provision of personal or local controls over
the internal environment can extend the range of comfort. They indicated that buildings should be
designed in a way that provides building users with good adaptive opportunity, which refers to the
scope for adaptive interventions to environmental conditions.
Examining possible impacts by analyzing people’s experiences in relation to the various existing
spaces can provide indicators important for sustainable design and construction at all levels - city,
urban block, street, building and individual rooms. Architects need to be aware of the fact that the
shape, lighting, colours, materials, design, and the way of combining components of the structure
affect the creation of a positive/pleasant or negative/unpleasant experience of space. It is important
to keep this in mind when it comes to designing buildings and spaces for different purposes, both in
the case of new ones as well as in renewing existing ones.
Post-occupancy evaluation (POE) draws on an extensive quantitative and qualitative toolkit:
measurements and monitoring, on the one hand, and methods such as walk-throughs, observations
and user satisfaction questionnaires on the other (Attia et al. 2015).
Authors of this paper were specifically interested in the concepts of modern architectural
technologies represented in the design and construction of office buildings such as glass curtain
walls, static and adaptive concepts and how they can effect on factors defined as generators
of stress. The authors believe that providing occupants with the possibility to control the indoor
environment improves overall user satisfaction with comfort conditions and contributes to user
well-being by minimizing presence of stress generators. The aim of the paper is to assess
how employees evaluate the achieved comfort in the case of different office types and facade
technologies and to highlight factors that interfere with a pleasant atmosphere for work, or in
other words disrupt comfort, and to perceive how it affects human health. For this purpose, a user
satisfaction questionnaire was created and used.
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Today, the relationship between comfort in the space and the well-being of users is a topic of great
interest for contemporary research, and this is the focus of research in this paper. Internal space
is argued as the main factor that affects physiologically and psychologically the human health
(Elbaiuomy et al. 2017). A space’s form and design determines its positive as well as its negative
effects, which everyone can experience in their own way (Holzer 2013).

A number of authors define stress as a real or perceived imbalance between environmental
demands required for survival and an individual’s capacity to adapt to these requirements (Lazarus
and Folkman 1984; Chrousos and Gold 1992; Lovallo 1997; Pearlin, Lieberman, Menaghan, and
Mullen 1981; Weiner 1992).
Long-term exposure to stress generators leads to unpleasant feelings and disturbances of
comfort, which is gradually reflected on many health problems and the occurrence of the illnesses.
Perceived stress might increase the risk of developing the disease in three ways as it may activate
physiological, behavioral, and psychological processes (Cohen and Rodriguez 1995; Cohen et al.
2002; Krantz et al. 1985; McEwen et al.1993):

•

•

•

Physiological process changes the function in the whole organism causing illness and disease
in different systems and organs, such as the orofacial region. Experimental stress in normal
individuals increases masticatory muscle (EMG) activity, supporting the theory that stress induces
muscular hyperactivity (Intrieri et al 1994). This muscular hyperactivity is the cause of bruxism
(Kesikburun et al. 2014) which leads to damage of teeth, periodontal tissues, as well as cervical
pain and temporomandibular disorders (Manfredini et al. 2005).
Behavioral process is related to the behavior of people under stress such as altered eating and
sleeping habits and heavier consumption of alcohol and other substances (Conway et al. 1981). A
study has shown that depression affects patients’ dietary choices and that these patients tend to
increase their intake of food with more fermentable carbohydrates further encouraging the growth
of cariogenic bacteria (Anttila et al. 1999).
Psychological processes including depression and anxiety. The influence of emotional factors, such
as anxiety, has been widely emphasized, for both triggering and perpetuating bruxism, resulting in
an increase in muscle tension caused by emotional stress during moments of anxiety (Fissmer et
al. 2008). Anttila et al. (1998) found a correlation between depressive symptoms and an abundant
growth of salivary lactobacilli, a microorganism that has been implicated in dental caries.
The facade is a structural element of the building that separates outer and inner space and strongly
affects the comfort of the interior space, and is particularly important for creating high-grade
working space. If it is not designed in user friendly manner to provide pleasant natural ventilation
and daylighting, protection against sun and noise, these factors can arouse unpleasant feelings and
presence of generators of stress on people. As aforementioned, a number of authors considered
these factors as stressors that influence human health. Some authors clearly justify the connection
between stress and processes in human body that lead to different health problems.
The paper refers to the consideration of the influence of some elements of design and construction
of office buildings on the feeling of comfort. Authors of this article conducted a survey to assess how
employees evaluate the achievement of comfort, as well as to perceive how it affects human health.
New technology and design can be generators of stress for people working in the office space.
This research involves several factors that influence the psychological situation of the respondents,
which relate to their perception of the inner space in which they are located. Accordingly, a
questionnaire and questions were created. Insight into relevant literature shows that consideration
of the influence of some elements of design and construction of office buildings on the employees
feeling of comfort has not been sufficiently explored through questionnaires, especially not in the
way it was done in this paper. The study highlights some effects of these stressors.
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The research was conducted using the questionnaire created by the authors of this paper to
perceive the individual experience of physical and social factors, i.e. stressors. The results, i.e.
experiences of employees in relation to various issues are considered, and a comparative analysis
of the results is performed and presented through the charts. It is important to note that constraints
were noted regarding the response to conducting the survey, and non-acceptance is most often
justified by the difficulty of devoting time to the survey due to significant work obligations. It was
extremely important that the respondents know and believe that the research is anonymous, so that
the sincerity of replies was possible.
The most important part of the paper presents the analysis of the results of the original survey
carried out in 2017. The authors prepared a questionnaire and conducted a survey, as well as
processed the collected data. Because of this, but also because of the dilemmas that can create
professional issues, the authors have decided to personally distribute questionnaires on-site and
then collect them after about 15 minutes. The questionnaire contained a brief instruction regarding
the procedure for selecting and marking the offered responses. Respondents showed interest in
the content of the questionnaire and only about 1.5% did not fully answer the questions. Many have
orally expressed the importance and support to parts of the questionnaire that were related to the
health aspect.
The questionnaire contained three parts:

•
•

•

Information on the characteristics of the workspace (orientation, number of employees, view of
surrounding, way of lighting and ventilation, presence of noise) and possibilities of controlling
temperature, ventilation, lighting and protection against sunshine.
Questions aiming at assessing the presence of anxiety or depression – according to The Hospital
Anxiety and Depression Scale (HADS) devised by Zigmond and Snaith (1983). The beauty of
the HADS score is its simplicity, speed and ease of use. Very few (literate) people have difficulty
completing it, on paper or electronically. It assesses both anxiety and depression, which commonly
coexist (McManus et al. 2007).
Questions that give information about the oral health.
This structure of the questionnaire enabled the authors to receive information about the personal
experience of the respondents about their workplace and achieved comfort regarding the
experience of lighting, ventilation and noise, factors considered as stress generators. Also,
providing information about their mental state and the state of health of the oral cavity, a number
of respondents have indicated the presence of health problems. These information can be linked
to their negative feelings in terms of aforementioned factors that are stress generators in the
workspace, that originate from an unfavourable comfort, which is also affected by the building
façade concept.
In 2000, the U.S. Surgeon General’s report Oral Health in America highlighted numerous ways in
which oral and general health are linked (2000). Careful examination of the oral cavity may reveal
signs and symptoms of different health disorders and identifying these oral findings may allow for
early diagnosis and treatment (CHI et al. 2010). For this reasons, the authors accept that oral cavity
examination is one of the methods that can detect health problems that are related to stress, such
as periodontal disease, tooth loss or bruxism. They point out that the examination of oral cavity is
economically available, safe for the patient and can be repeated many times as needed.
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1.1. Research methodology

2

Case study
Offices are the daily work environments for a majority of the working population in all societies.
Considering that employees often spend more than 40 hours per week at work in offices, it is
clear that workplaces greatly influence their mental status, actions, abilities and performance. It is
obvious that for these people work comfort is essential for quality of work, greater productivity and
creativity and FACADE
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detached or in a row are selected for case studies. Case studies include buildings built after 1980,
during the period of intensive construction of modern office buildings in New Belgrade and other
cities in Serbia. Regarding spatial organization, the following types of office buildings have been
selected for the research: corridor type, with atrium and structures inside the shell (Fig. 2). For each
type of building, a number of representative samples was selected and amounted to 9 business
units with between 20 and 50 respondents each. The survey was conducted with 235 respondents.

a) corridor type

b) with atrium

c) office structure inside the shell

Fig. 2 Considered types of office buildings

For the survey three types of offices were taken in consideration: private, shared - up to four and team roombetween four and nine employees.
In offices, combined natural and artificial lighting is mostly in use. When it comes to ventilation, the presence of
the following options is noticed: only mechanical or a combination of mechanical and natural ventilation. In the
case of the structure inside the shell, mechanical ventilation and artificial lighting are mainly present.
The type of façade that is represented is curtain wall with thermally insulating glass and metal sections. The most
case studies are conventional curtain walls with insulating glass. Combination of fixed and operable window areas
is mainly present which enables natural ventilation in addition to mechanical ventilation. Internal venetian blinds
are
solutions for sun protection. When it comes to the structure inside the shell, the outer layer of glazing is at a
Fig. 2 Considered types of office buildings
considerable, several meters, distance from the inner glass wall. Venetian blinds and curtains are sunshading
devices placed on the inside of the inner layer of glazing of offices. The windows in the offices open to the space
inside the outer envelope-shell to simulate the impression of the possibility of natural ventilation, as only
mechanical ventilation is available. The case of an office building with an adaptive facade is also taken into
account. Inner façade layer is conventional curtain wall with insulating glass and metal sections. Glass transparent
panels extend from the floor to the ceiling. Fixed glass panels are mostly present, while operable windows are at a
greater distance so that flexible space sharing is limited. External horizontal movable louvres are placed on the
substructure set at a distance of about one meter from the glass façade and the gap presents the outer space.
Movement of louvres is mechanical and can also be controlled by employees.
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In offices, combined natural and artificial lighting is mostly in use. When it comes to ventilation, the
presence of the following options is noticed: only mechanical or a combination of mechanical and
natural ventilation. In the case of the structure inside the shell, mechanical ventilation and artificial
lighting are mainly present.
The type of façade that is represented is curtain wall with thermally insulating glass and metal
sections. The most case studies are conventional curtain walls with insulating glass. Combination
of fixed and operable window areas is mainly present which enables natural ventilation in addition
to mechanical ventilation. Internal venetian blinds are solutions for sun protection. When it comes
to the structure inside the shell, the outer layer of glazing is at a considerable, several meters,
distance from the inner glass wall. Venetian blinds and curtains are sunshading devices placed
on the inside of the inner layer of glazing of offices. The windows in the offices open to the space
inside the outer envelope-shell to simulate the impression of the possibility of natural ventilation,
as only mechanical ventilation is available. The case of an office building with an adaptive facade
is also taken into account. Inner façade layer is conventional curtain wall with insulating glass and
metal sections. Glass transparent panels extend from the floor to the ceiling. Fixed glass panels
are mostly present, while operable windows are at a greater distance so that flexible space sharing
is limited. External horizontal movable louvres are placed on the substructure set at a distance of
about one meter from the glass façade and the gap presents the outer space. Movement of louvres
is mechanical and can also be controlled by employees.
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For the survey three types of offices were taken in consideration: private, shared - up to four and
team room-between four and nine employees.

The analysis of the survey showed that respondents feel comfortable when they have control over
room temperature, ventilation and lighting, in other words, employees give priority to the possibility
of individually adjusting the indoor environment (Fig. 3).
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the unpleasant feeling are: air flow, air temperature incompatible with personal feeling, stuffy and
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The analysis of the survey showed that respondents feel comfortable when they have control over room
temperature, ventilation and lighting, in other words, employees give priority to the possibility of individually
adjusting the indoor environment (Fig. 3).
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Façade concept and structure should be designed to provide satisfactory user comfort. In order to achieve high
work comfort, advanced facade technologies are being developed that allow adaptation to a changing external
environment. Thanks to new technologies, such facade concepts can be adapted to the external environment using
a system which is controlled manually, as well as semi-automatically and automatically usually using centralized
control systems (Building IT). However, such facade devices can be a psychological stressor for employees who
need/want to individually adjust the indoor environment for comfortable work. Certain case studies covered by the
survey reflate to adaptive facades with movable louvres, semi-automatically controlled, and in this case, the results
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temperature incompatible with personal feeling, stuffy and odors (Fig. 6a).

Impact of facade types on user comfort and health in office buildings
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parameters for the assessment and holistic evaluation of adaptive facades as actors in achieving user well-being
and a high quality built environment. By connecting the condition of the oral cavity, as a mirror of the psychophysical state, with the occurrence of psychological disorders, it is possible to recognize the presence of stress
generators. Such experiences point out harmful environmental factors and should therefore be taken into account
when creating user-friendly guidelines for architectural design. Accordingly, the authors of this paper think that
the comfort and well-being of the users behave as related and key measurable indicators for assessing the
usefulness of new technologies, such as adaptive facades.
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It can be concluded that the facade affects the indoor space, making it more or less pleasant for
users. The facade can modulate light, temperature, ventilation and noise, which represent stress
generators, and thus indirectly affect the level of stress. This indicates the complexity of perceiving
the impact of the indoor environment on human health.
Through the analysis and presentation of the results of the survey, the authors of this paper pointed
to the importance of developing and accepting an architectural design that takes into account
the prevention of stress generators in the interior. Also, the intention was to point out that user’s
feeling of comfort can be one of the key parameters for the assessment and holistic evaluation
of adaptive facades as actors in achieving user well-being and a high quality built environment.
By connecting the condition of the oral cavity, as a mirror of the psycho-physical state, with the
occurrence of psychological disorders, it is possible to recognize the presence of stress generators.
Such experiences point out harmful environmental factors and should therefore be taken into
account when creating user-friendly guidelines for architectural design. Accordingly, the authors of
this paper think that the comfort and well-being of the users behave as related and key measurable
indicators for assessing the usefulness of new technologies, such as adaptive facades.
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Nowadays façade design is still substantially based on humans’ primary need for shelter and focuses
on physical comfort. Aspects with regard to functional and/or psychological comfort seem to play
a subordinate role. However, given research shows that environmental misfits do not only occur
whenever environmental conditions harm the user physically, but also as the user’s functional and/or
psychological comfort is impaired. The goal of our research is to identify user-specific environmental
misfits that involve the façade and examine whether these environmental misfits can be used to
guide the design process towards an appropriate, user-centric façade design that provides physical,
functional as well as psychological comfort. In-situ field observations and expert interviews were
conducted to collect data. Methods from the field of design thinking, such as persona creation were
used for processing the collected data. Using the example of a geriatric inpatient, the results of this
works show that all three types of misfits may equally result from direct as well as indirect interaction
with the façade, but are always related to users physical and psychological constitution. Thus,
environmental misfits can initiate the development towards appropriate façade design, however a
generalization across user groups is not effective to do so. On the contrary, effective façade design
requires a user-centric approach and therefore, an in-depth analysis of user groups. The paper
concludes that A user-centered adaptive façade can be envisioned as a façade that ‘recognizes’
the user groups in the room, ‘analyses’ users’ present abilities and needs and ‘takes action’ in order
to compensate prevailing environmental misfits considering temporally, occupationally as well as
personally varying requirements.

Keywords: Hospital, Adaptive Façade, User-Centered, Global Comfort, Environmental Misfit, User
needs, Persona, Interaction, Human-Façade-Interaction, User-Façade-Interaction, Design Thinking

1

Introduction
Dealing with performance optimizations of building façades, a linear chain of argument, which
depicts a relation between the entities ‘external environment’ and ‘user’, is commonly used. The
underlying principle of this argument is the notion of protecting the user within the building from the
exterior environment. The entities ‘exterior environment’ and ‘user’ are indirectly connected by the
entities ‘façade’ and ‘indoor environment’ (Fig. 1). According to this chain of argument the exterior
and indoor environments get separated by the façade and the user is directly influenced by the
resulting indoor environmental conditions.
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It is well established that the façade influences the interior environment and is decisively
responsible for prevailing interior conditions, such as temperature levels, indoor air quality, and use
of daylighting. In order to ensure stable indoor environmental conditions in terms of façade design,
fundamentally different approaches can be pursued: from massive, static as well as non-technical
constructions, e.g. lowtech office building ‘2226’ in Lustenau by Baumschlager Eberle Architects, to
dynamic façade designs, e.g. office building ‘Al Bahr Towers’, Abu Dhabi Island, Aedas architects.
Just as the façade’s influence on the indoor environment has been scientifically examined, the
many-faceted effect of the indoor environment on the users has also been confirmed. It is a
consensus that us humans are influenced by our surrounding environments, both in a physical and
a psychological manner. Among others, the review on evidence-based architecture and healthcare
design by Ulrich et al. [1] exemplarily illustrates such findings.
However, the effects of a (in)direct interaction between the façade and the user are often
underestimated. Following a design approach thatis performance-based as well as user-centered,
this paper focuses on the relation between the entity ‘façade’ and ‘user’. By using the example of
geriatric inpatients, the occurrence of environmental misfits as defined in Vischer’s Global Comfort
Model (2007) are illustrated and examined whether these can serve as a point of reference for new
functions and design features of future hospital facades.

2

State of the Art
2.1. Adaptive Façades
Besides all aesthetic considerations, façade design is still substantially based on humans’
primary need for shelter and is optimized to external loads (Knaack, Klein, Bilow, & Auer 2014).
Conceptual, technical, and constructive developments in the field of adaptive façades reflect this
notion. Adaptive façades, often referred to as ‘Climate Adaptive Building Shells’ (CABS) (Loonen,
Trčka, Cóstola, & Hensen 2013), react to their environment and change their functional properties
depending on the prevailing environmental weather conditions (Attia, Favoino, Loonen, Petrovski,
& Monge-Barrio 2015). Loonen et al. define adaptive façades as ‘(…) multifunctional and highly
adaptive systems, where the physical separator between the interior and exterior environment, i.e.
the building envelope, is able to change its functions, features or behavior over time in response to
transient performance requirements and boundary conditions, with the aim of improving the overall
building performance.’ [6]. The performance of adaptive façades is no longer static over time, but
dynamic within different time periods, i.e. within the range of seconds, minutes, day/night change
up to seasons, years or decades.
Various conceptual approaches to implementing adaptivity into the façade are currently being
pursued in research, e.g. integration of adaptive glazing, phase change materials and shape
memory alloys, to name a few technologies. Loonen et al. suggest a comprehensive matrix for
the classification of these different approaches [6]. Following this classification scheme, adaptivity
can be characterized with regard to the overall objective, such as improved thermal environmental
conditions, (overheating, heat loss reductions, etc.), indoor air quality (ventilation, filtration, etc.),
visual comfort (view, glare reduction, etc.), acoustic quality (especially airborne sound) or energy
performance (loss reduction, energy generation, etc.).
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Fig. 1 Linear chain of argument within performance optimization of building façades

Generalizing across all conceptual approaches, the overall objective of adaptive façades can be
summarized as reducing impairing influences of (extreme) exterior fluctuations on the interior
environmental conditions. Thus, steady indoor environmental conditions can be ensured and serve
as a prerequisite for an effective user-room interaction. ‘Steady’ should not be misunderstood as
‘static’, but rather as conditions that do not exceed certain thresholds with respect to frequency
and amplitude. Following the adaptive comfort model by de Dear and Brager [7], the user can
adapt to this range of environmental conditions through behavioral adjustments and psychological
adaptation.
2.2. Performance-Based (Façade) Design
The inherent goal of most design processes – including façade design – is to ensure a welldesigned product that serves the user’s activities, satisfies additional user needs. As introduced
by the International Council for Building (CIB) W60 commission in 1982, the performance concept
allows for the implementation of such a need-centered design [18]. The performance approach
is about precisely defining the intended product performance, which should be based on user
needs. While prescriptive design approaches predefine technical solutions, performance-based
design approaches analyze needs and enables a more precise definition of intended behavior
and performance. A functional concept, which is worded using common language, states all
functionalities required by the user. The functional needs are translated into statements of
requirements and subsequently, into performance requirements. The performance requirements
formulate the requested functionalities that have to be fulfilled by the construction in the end.
Consequently, the targeted performance-in-use serves as basis for all design decisions made within
the design process.
By applying a performance based approach to façade design one ensures that user needs are
considered appropriately within the façade design. Consequently, façade design and all design
decisions primarily need to be about performance rather than aesthetics.
2.3. Indoor Environmental Quality, Global Comfort Model and Performance-Based Design
Within the discipline of building physics, the term “indoor environmental quality” (IEQ) is usually
used to address the four major topics of thermal quality/indoor climate, visual and lighting quality,
indoor air quality (IAQ) and acoustic quality. Within each topic, differing performance indicators are
defined that can be used to measure and evaluate the prevailing conditions. For example, operative
temperature, relative humidity, global temperature and air speed, serve as performance indicators
for measuring thermal quality. There is a large number of studies and reviews that have examined
single aspects of indoor environmental quality. Bluyssen [8] as well as the Harvard T.H. Chan
School of Public Health [9] provide comprehensive literature reviews. Studies that have investigated
the interconnection between various space qualities are rare [10].
The objective of any comfort optimization – regardless of contexts and usage specific boundary
conditions – is to maximize the overall level of comfort. Applying Vischer’s Global Comfort Model
(2007), IEQ as defined within the discipline of building physics, can be referred to as physical
comfort. Physical comfort typically addresses health, safety, hygiene and accessibility issues.
These requirements are addressed within building codes and can be understood as minimum
comfort levels describing habitability thresholds. Indoor environmental conditions that do not
fulfill the physical performance requirements lead to an uninhabitable or non-usable building.
Consequently, these requirements are mostly universal, addressing general human needs and,
therefore, do not necessarily incorporate user-specific abilities or needs.
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When capturing the user’s experience, one notices that a mere assessment and maximization of
ambient environmental conditions in terms of physical comfort is neither sufficient, nor satisfying.
In the context of hospital buildings, a growing body of research in the field of ‘Evidence-Based
Healthcare Design’ acknowledges that indoor environmental conditions have a considerable
influence on the user’s health, well-being and outcomes. These are, for example, safer as
well as more healing environments for inpatients and they decrease stress as well as increase
effectiveness for staff members [1], [12], [13]. The study conducted by Ulrich [14] examined the
influence of viewing nature on patient’s postoperative recovery rate, length of hospital stays,
perception of pain and pain medication intake, finding that viewing nature instead of brick walls
positively influences all outcomes. Therefore, the evaluation of the user’s experience requires a
global, more complex comfort model. According to Vischer, global environmental comfort ensues as
a result of three related, complementary categories of comfort: physical comfort, functional comfort,
and psychological comfort [11] (Fig. 2). The three categories of comfort form an analytic framework
in order to assess the performance, quality and effectiveness of a built environment (Vischer 2008).

number of other studies confirm these findings (Bluyssen, Aries, & van Dommelen 2011; Boerstra et
al. 2013; Brager & Baker 2009). Strongly linked to the aspect of control is the aspect of automation.
As the degree of automation increases, the user’s participation and control is likely to decrease.
The highest environmental comfort and quality is achieved whenever comfort is simultaneously
assured across all three comfort modes; the relevance of each comfort mode depends on the
context and the associated usage as well as user-specific conditions. Based on the context, the
importance, scope and complexity of comfort requirements varies and the three comfort modes
have different shares in global comfort (Fig. 3). For example, the highest hygiene standards
(physical comfort) are requested within the context of operating rooms, whereas inpatient rooms
set higher requirements in regard to a feeling of belonging and control through the user. While most
aspects of physical comfort can be regarded as universally applicable, the specific requirements
of functional and psychological comfort can only be generalized to a limited extent. Achieving high
levels of functional and psychological comfort requires extensive contextualization with in-depth
analysis of user (sub-)groups, including users’ abilities, restrictions, dominant activities and needs.

Fig. 2 Global comfort model: modes of comfort and habitability treshold

Functional comfort results from environmental conditions that support the user’s task and enhance
user performance (Vischer 2007). In contrast to physical comfort and its more generalizing
conditions, functional comfort goes along with rather task-, usage- and user-specific conditions. The
functional comfort conditions are project-specific and cannot be consolidated across various use
cases and scenarios. Within the specialty of (interior) architecture and design, functional comfort
poses implications in terms of layout, floor plans, colors, surface materials, visuals, signage,
etc. Physical and functional comfort are complemented by the mode of psychological comfort. It
expands the dimensions of comfort by feelings of belonging, ownership as well as control issues.
While the feeling of psychological comfort is, to a certain degree, dependent on the individual’s
habits and socialization, some aspects can be shared across user (sub-)groups. In this paper, the
aspect of control over an environment and its effects on the perceived comfort level should be
emphasized. Following the classification of ‘control’ by Paciuk, distinguishing between ‘available
control’, ‘exercised control’ and ‘perceived control’, Boerstra et al. examined that people who
perceive more control over indoor environmental conditions, such as operative room temperature,
indoor air quality, and noise levels, perceive the indoor environment as more comfortable [15]. A
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Fig. 3 Two exemplary use cases and their qualitative combinations of comfort modes and variabel habitability thresholds

The term ‘environmental stress’, as used within this paper, can be defined as a consequence
of environmental misfit (Vischer 2007). Within the discipline of environmental psychology,
‘environmental misfit’ defines adverse environmental effects that occur within environments and do
not fit the users’ abilities and needs, but rather places additional and excessive stress on the user
(Vischer 2007).

3

Methods
The focus of this paper is on the interaction of the entities ‘façade’ and ‘user’ through examining
environmental misfits. Following a human-centered approach, our research’s first focus was on
identifying the various users within the context of hospital buildings and distilling main user (sub-)
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groups. Second, a user analysis followed that examined abilities and restrictions as well as contextspecific needs for each user (sub-)group. Third, in order to conclude the phase of problem analysis,
the user analysis was broadened by user-specific environmental misfits that occur between façade,
room and user.
The process of data collection built on a literature review on indoor environmental quality (IEQ) in
hospitals and adaptive façades. Given the research’s user-centeredness, the research design was
primarily influenced by methods lent from qualitative sociology and frequently applied in Design
Thinking, such as expert interviews, in-situ field observation that includes shadowing and ‘fly on the
wall’ approaches, etc. On the one hand, essential data was collected throughout a four-week period
of in-situ field observations within two hospitals of a basic and maximum level of care. The field
observations covered special hospital services (laboratory, supply and stock), specific departments
(emergency, general surgery and diagnostic imaging) and inpatient units (neurology, stroke,
intensive care, palliative care, geriatric care, obstetrics and gynecology, and emergency room).
On the other hand, data was extended through semi-structured expert interviews with members
of various stakeholder groups, such as healthcare professionals as well as architects and digital
health experts. While the field observations allowed for the identification of implicit user needs
and environmental misfits, the expert interviews were used to focus on explicit user needs, future
developments and more general design recommendations.
Methods from the field of design thinking were also used for processing the collected data.
Based on the resulting observation protocols, photos taken on-site as well as interview notes and
recordings, data were analyzed in the form of personas. Personas are fictitious representatives
of a user group and contain information on the background of the user, outline characteristics
and daily experiences, including special needs, scope of abilities and mobility. Persona profiles
were developed for all relevant user (sub-)groups; in terms of interaction profiles differentiating
between extreme and mainstream users. Subsequently, data analysis was completed by listing
environmental misfits for each persona.

4

Results
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evident in different functional requirements, but manifests itself in the differing initial conditions under which users
encounter the building. While physicians and nursing professionals regularly enter the hospital as their workplace,
for patients, staying in a hospital is associated with stress. These different circumstances result in different levels of
familiarity with the environment and require different assistance with orientation.
Table 1: A hospital’s relevant functional zones and units, in accordance with DIN 13080 terminology and classification
Functional zones
Diagnostics and therapy

Functional units
Emergency room
Laboratory
Operating room
Diagnostic imaging
Delivery room

Care

General care
Maternity and neonatal care
Infant and pediatric care
Intensive care
Geriatric care
Palliative care

General services

Cafeteria
Changing room
On-call service

Other facilities

Integrated outpatient facilities

Table 1: A hospital’s relevant functional zones and units, in accordance with DIN 13080 terminology and classification
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Within each of these functional zones and subordinated functional units, representatives of the
main user groups – patients, caregivers and medical professionals – are present. Depending on the
functional unit, special subgroups of users are present (Fig. 4).

Fig. 4 Groups of users within the context of hospitals

4.1. Users within Hospitals
In Germany there are 1,956 hospitals, ranging from basic to maximum care facilities, providing
499,351 beds for inpatient treatment, treating 19.2 million patients per year and employing 1.8
million employees, 17.8% in medical services (Statistisches Bundesamt 2016). Hospitals can
correctly be compared to small cities and are characterized by their immense complexity that
increases with the hospital’s level of care. In general, hospital buildings are subject to mixed use
modes, combining workplace, diagnosis, therapy and nursing spaces as well as hospitality and
accommodation. This mixed-use mode results in a large number of diverse users. For one thing,
user diversity is evident in different functional requirements, but manifests itself in the differing initial
conditions under which users encounter the building. While physicians and nursing professionals
regularly enter the hospital as their workplace, for patients, staying in a hospital is associated with
stress. These different circumstances result in different levels of familiarity with the environment and
require different assistance with orientation.
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Fig. 4 Groups of users within the context of hospitals

4.2. User-Analysis: Persona of a Geriatric Inpatient
Not all user groups are depicted within this paper; the dissertation in the context of which this paper
was created, will comprehensively provide the user analysis for different user groups. Within this
paper, an exemplary persona depicts a representative geriatric inpatient (Fig. 5). As demographic
change in western societies is causing inpatients to become increasingly older, the average
patient is already 55 years old and the majority of patients are over the age of 60 (Statistisches
Bundesamt 2016). Geriatric patients bring about special challenges for hospital environments: Their
perception of the environment differs significantly from that of younger patients and hospital-specific
symptoms, e.g. Delir, which otherwise play a subordinate role, are a non-negligible issue. Elderly
people, especially those suffering from dementia, may be considered an extreme group of users
who place special demands on their surrounding environment. Fig. 6 shows two photographs that
give an impression of the situation a geriatric inpatient experiences within the hospital context and
the geriatric ward.
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4.3. Environmental Misfit of Geriatric Patients
Table 2 provides different environmental misfits that can occur to a geriatric patient within an inpatient room. In
many cases, there is not one unambiguous assignment of a particular comfort mode possible, but rather several
modes are impacted. Misfits as results of different causes are included: (a) directly by the façade, e.g. sun protection,
(b) from indoor conditions, e.g. room temperature, that are directly linked to existing façade functions and (c) such
conditions
that arethat
not directly
linked, e.g.
orientation.
The
data show
while geriatric
patients
in hospitals face environmental misfits in terms of all
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are over the age of 60 (Statistisches Bundesamt 2016). Geriatric patients bring about special challenges for
hospital environments: Their perception of the environment differs significantly from that of younger patients
and hospital-specific symptoms, e.g. Delir, which otherwise play a subordinate role, are a non-negligible issue.
Elderly people, especially those suffering from dementia, may be considered an extreme group of users who place
special demands on their surrounding environment. Fig. 6 shows two photographs that give an impression of the
situation a geriatric inpatient experiences within the hospital context and the geriatric ward.

three modes of comfort, misfits in the mode of functional comfort are predominant. It is noteworthy
The data show that while geriatric patients in hospitals face environmental misfits in terms of all three modes of
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inability
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thecontrol
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environmental misfits can not only cause stress in the user interacting directly with the environment but can also
interacting directly with the environment but can also lead to stress in indirectly involved parties that
lead to stress in indirectly involved parties that help the user cope with the misfit, such as nurses helping patients.
help the user cope with the misfit, such as nurses helping patients.
Table 2: Environmental misfits occurring in geriatric wards for geriatric inpatients
Environmental Misfit
The lack of mobility up to being bedridden prevents access to the façade.

2

The lack of mobility that results in limited access and control over the interior conditions
increases the feeling of independency and being at the mercy of others. Help by nurses is
required.

3

Due to the use of assistive equipment, such as walkers, hands are not free to grip window
handles. Free hands are accompanied by a moment of insecurity and loss of stability.

x

4

Window handles are not recognized as such by dementia patients, i.e. they lack
affordance and result in windows that cannot be operated by patients.

x

5

Insufficient window ventilation leads to poor indoor air quality, feeling of stuffy air and
basis for the spread of infection.

x

6

Too high of temperatures in combination with a lack of ventilation lead to dry room air,
i.e. low relative humidity.

x

7

High solar radiation through the glazing leads to high temperatures, especially when the
windows cannot be opened independently.

x

8

Closed curtains and no connection to the exterior make orientation in time more difficult.
The assessment of times of day, but also seasons, is becoming increasingly difficult for
the patient and can lead to sleep deprivation.

9

Patients show an impaired day and night rhythm, which is additionally worsened by poor
lighting conditions and background noise.

10

Orientation in the hospital, especially when transferring from in-patient wards to therapy
and examination rooms, presents a challenge and often leads to patients getting lost.

11

Patients experience a lack of familiarity with the room and lack individual design options
that create a homely feeling.

12

Patients lying in bed cannot see directly outwards because the window's sill is too high.

x

13

The limited view from the bed or the room by lack of mobility prevents access to and a
view of the outdoors and nature.

x

14

At night and in the dark, reflections of light in floor-deep glazing can cause irritation,
especially in patients with dementia.

x

15

Shadows thrown by the shading system lead to irritating patterns on the floor that
obstruct movement and prevent one from walking.

x

16

Patients have the feeling that it is too dark in the room more quickly. Levels of
illumination are perceived as too low.

x

x

17

Strong variations in brightness in the immediate proximity to the façade and deeper in the
room cause difficulties in orientation and movement. A hard edge of light is particularly
disturbing.

x

x

18

Patients are sensitive to glare and even small degrees of glare can cause discomfort.

19

In multi-bed rooms high illumination levels directly at the window and lower levels
deeper in the room lead to a disadvantage of those patients who are accommodated
further away from the façade.

Fig. 5 Exemplary persona of a female geriatric inpatient
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4.3. Environmental Misfit of Geriatric Patients
Table 2 provides different environmental misfits that can occur to a geriatric patient within an
inpatient room. In many cases, there is not one unambiguous assignment of a particular comfort
mode possible, but rather several modes are impacted. Misfits as results of different causes are
included: (a) directly by the façade, e.g. sun protection, (b) from indoor conditions, e.g. room
temperature, that are directly linked to existing façade functions and (c) such conditions that are not
directly linked, e.g. orientation.
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Fig. 5 Exemplary persona of a female geriatric inpatient
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Table 2: Environmental misfits occurring in geriatric wards for geriatric inpatients

5

5. Discussion
In the results chapter, the specific group of geriatric inpatients as well as the relation between the characteristics of
this user group and the occurrence of environmental misfits were illustrated. It should be noted that the list of
Discussion
environmental misfits refers to this particular persona and thus can only be transferred to other user groups to a

In the results chapter, the specific group of geriatric inpatients as well as the relation between the
characteristics of this user group and the occurrence of environmental misfits were illustrated.
It should be noted that the list of environmental misfits refers to this particular persona and thus
can only be transferred to other user groups to a limited extent. With regard to the transferability
of the results, it is necessary to keep in mind that the data collection was not carried out as a
representative study, but is rather of a case-study character examining two hospitals of different
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Patients are not patients: The persona of a geriatric inpatient showed that, while speaking about
user groups, patients are not patients. A generalization across user groups, meaning generalizing
across all patients and referring to them as ‘patients’, is not effective. The general constitution
of body and mind differs widely between different user groups. When compared to middle-aged
elective patients, geriatric patients show distinctly different conditions in terms of mobility, cognitive
abilities and help needed. For example, while middle-aged elective patients usually do not struggle
with ‘Delir’, this clinical picture stands for geriatric patients.
Impaired abilities can result in environmental misfits: Physical and psychological differences
have a significant influence on the environmental misfits the individual user groups encounter. One
can say that the prevailing environmental misfits are resulting from the users’ general conditions.
A direct correlation between a persona’s specific abilities as well as constitution and the prevailing
environmental misfits is given. For example, the lack of mobility in geriatric inpatients leads to the
misfit of impaired interaction with the façade. This impairment of interaction in turns effects the
already impaired day and night rhythm of geriatric inpatients as constantly closed curtains, high
window sills and insufficient window openings further amplify the phenomenon. Thus, in order to
address the relevant environmental misfits, an in-depth analysis of user groups needs to include an
identification of key user groups as well as an analysis of main user differences in terms of abilities
and limitations.
With regard to geriatric inpatients environmental misfit does not only occur in terms of physiological
comfort, but especially to a functional and psychological degree. Besides the three different modes
of comfort, environmental misfits can occur directly due to the façade’s construction, e.g. high solar
transmission, non-operable windows. Second, one can also consider environmental misfits that are
not immediately or only partly caused by the façade, but however can be improved by appropriate
façade design. The exemplary loss of orientation when transferring between hospital zones can be
used to illustrate such mediate misfits. To put in a nutshell, on the one hand inappropriate façade
design can result in intermediate environmental misfits; on the other hand, appropriate façade
design can help reduce mediate misfits.
Appropriate façade design by rewriting environmental misfits into new functionality:
Using ‘the Vischer terminology’ it can be said that well-designed facades need to serve all user’s
requirements in terms of physical, functional as well as psychological comfort by reducing façadedirect and mediate environmental misfits. Thus, environmental misfits can guide the design process
and provide a starting point for translating user needs into performance requirements and for
initiating the development of new functionalities as well as a more need-oriented design of the
façade. While physiological comfort gets already comprehensively addressed by prescriptive design
approaches, such as normative rules in building codes and standards, functional and psychological
environmental misfits provide the biggest leverage for context and user specification and, thus, an
increase of comfort and usability of a façade’s design. Trying to solve functional and psychological
misfits on a façade-direct and/or a mediate level allows for expanding the potential functional scope
far beyond the so far existing functional scope of the façade. However, this requires an evolution
of the performance-based design approach towards an even more user-centered understanding of
performance. Especially the explicit consideration of functional and psychological comfort aspects
represents a significant broadening of the performance concept. For example, a façade that
provides orientation and navigation while transferring from one room to another represents a new
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sizes and care levels. Also, another aggravating factor within hospitals is that individual groups
of people, especially palliative patients or intubated patients in intensive care units, cannot be
interviewed personally. For such cases, observation in the field is the only tool used to collect data.

façade functionality. In this example, performance is understood as providing functional as well as
psychological comfort to the geriatric inpatient.
User-centric scope of functionality: By using the example of a geriatric inpatient, it was made
apparent that a generalization across all patients is not effective when designing facades that are
intended to sufficiently support user-specific abilities and limitations. The strongly varying abilities of
subgroups, as geriatric patients, and the resulting user-specific sets of environmental misfits require
need-specific façade design in order to provide sufficient support. The functionality and features
need to be specifically designed for a certain group of end users and their misfits. Referring to our
example, when interacting with the façade geriatric inpatients are often handicapped, which in turn
requires additional forms of interaction suiting these impaired abilities. Additional mechanisms in
easily accessible places or operable by voice or gesture in order to control and interact with the
façade need to be considered. A user-centric scope of façade functionality that responds to users’
scope of abilities is needed.
Additional façade adaptivity in terms of user-centricity: As hospitals can metaphorically be
compared to small cities, the spaces are characterized by the simultaneous presence of different
user groups with various constitutions, different purposes for using the indoor environment and
concurrence of different requirements for global comfort. In order to address this challenge, an
additional façade adaptivity in terms of user-centricity is suggested. The term adaptivity might
not be misunderstood and requires clarification. In contrast to adaptivity as in climate adaptive
facades, user-centric adaptivity inevitably is triggered by the changing users within a room. A
user-centered adaptive façade can be envisioned as a façade that ‘recognizes’ the user groups in
the room, ‘analyses’ users’ present abilities and needs and ‘takes action’ in order to compensate
prevailing environmental misfits considering temporally, occupationally as well as personally varying
requirements. This notion of user-centered adaptivity is strongly linked to interaction and matched
levels of automation. While the degree of automation depends for the most part on the abilities
of the various user groups, interaction can be immediate between the façade and direct users
(human-façade-interaction, HFI) or between the façade, the room and its object, such as e.g. the
hospital bed or furniture.

6

Conclusion
Focusing on the relation between the entity ‘façade’ and ‘user’, the paper analyzed in an exemplary
manner the relevant sub-user group of geriatric hospital inpatients. In order to identify new and
necessary performance requirements of future hospital facades a user-centered approach was
developed. The approach includes an in-depth analysis of user abilities and the identification of
corresponding environmental misfits in terms of physical, functional and psychological comfort.
The results show that a generalization across user groups or sub-user groups, such as patients,
is not effective and leads to façade designs that increase the presence of environmental misfits.
In fact, the prevailing environmental misfits can be used to guide the design process and derive
user-specific functions that increase the façade’s user-centered performance. The translation into
performance requirements is still a subject of research.
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This decade has beheld significant advancements in adaptive and multifunctional facade systems
through the incorporation of smart materials, which do not need an additional energy supply because
they are kinetic systems. This work is driven by transposition of properties from the microscale to
the macroscale realized by architects through the hand of the state of the art technology of material
science and engineering to improve building performance. This article presents an introduction to the
building envelope and the active system developed in the last decades, then a comprehensive review
of passive and adaptive facade systems is performed through new tables and figures. The study is
focused on the systems which use smart materials with shape memory features reported in the last
decade. The current progress in their incorporation to enhance buildings adaptation to its environment
are discussed as well as, advantages and disadvantages, limitations and future research directions.

Keywords: Responsive facades; Adaptive facades; Passive protocol; smart material

1

Introduction
Architecture has had evolved and developed to satisfy human and city necessities since its
origin. Every day new essentials in addition to severe weather changes need to be taken into
consideration by designers to ensure the comfort of the building. In the last decade, this process
has taken interest by the scientific community and the construction industry due to the complexity
of the “modern life” and their impacts on the environment (Brager and de Dear 1998). For those
reasons in response to these fluctuating variables, the architecture needs to adapt permanently to
satisfy these needs.
The buildings adaptation as the relationship between architecture and the environment is through
its envelope, the element which limits the inside and the outside (Douglas 2006), design to afford
comfort and security inside buildings. It’s a crucial component that relates the buildings aesthetics
with its internal environment. Like the skin is to the human body, an envelope has the responsibility
to regulate internal physical conditions (Koçlar et al. 2004). Since the last century, it has become a
lightweight and flexible component, instead of robust and heavy system, to improve its performance
(Sadineni et al. 2011). These buildings´ systems are being developed together with disciplines such
as materials science and engineering achieving every time more interactive and efficient interface
(di Salvo 2016; Fortmeyer and Linn 2014).
This review article addresses the systems and materials used in the building’s adaptation to the
environment in concordance with the state of art technology of last decades. Methods, structures,
as well as, experimental projects and remarkable examples focused on the facade or the
architectural envelope are highlighted. A brief overview of facade development in the last century is
introduced, and passive dynamic systems as the most promising research direction are presented.
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2

Responsive building facades
Until recent times the attention to improving a building’s envelope was focused on increasing
thermal insulation. Nevertheless, those systems are not enough to solve the efficiency challenges
in the nowadays buildings (Perino and Serra 2015) because of the remarkable use of glass and
the increasing of additional energetic dependence on HVAC systems after the modern architecture
movement.
A noticeable change on architectural skins appeared during the second half of the XX century
by some postmodern architecture movements (Bertens 1996). Systems equipped with sensors,
processing units, and actuators that can be programmed and have the ability to answer to real-time
weather conditions were incorporated into the envelope. These systems allowed the obtention of a
new dynamic interface between the building and their surrounding environment (Henriques 2015).
They are based on Data Acquisition Systems (DAS) of a closed loop protocol (Hoover and Rempfer
2015), based on an integrated system where the stimuli are sensed, and their processing is used
as a control device.
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The reported systems are classified, described and analyzed by every variable of control and the
physical or chemical principle followed to obtain a dynamic response.

A hierarchical classification of this materials can be seen in Fig. 1, Ritter (2007) proposed a
classification of smart materials by their use in architecture and a brief overview was done, but
it was not focused on shape memory properties, and a review of the new reports must be done.
It is based on the study and application of materials from microscopic to the macroscopic scales,
presents kinetic systems that can move without motors, electricity or mechanical parts improving
buildings´ performance (Maragkoudaki 2013).

The versatility of the DAS protocol has been demonstrated in the last decades, as seen in several
building active facades (AEDAS 2012; Giselbrecht 2007; Godsell and Franklin 2012; JSWD
Architekten and Chaix & Morel et Associés 2010; Nouvel 1987; SOMA 2012), which enables the
development of systems with different kind of actuators (mechanical, pneumatic, and hydraulic).
Broad-Spectrum envelope materials and sizes from brise-soleil unto laminar structures of some
floors have been used. Moreover, multi-layer systems have been used to achieve a real-time
response to solar radiation and outdoor temperature firstly (Aelenei et al. 2016), because of their
influence on thermal and visual comfort.
Nevertheless, all of them requires, firstly an external electric current source to operate (Hasselaar
2006), and secondly, they are made of mechanical systems with multiple components with high
maintenance rate. Both conditions take these active systems to a rapid state of obsolescence
(Meagher 2014), for instance, the Arab World Institute, 70´s pioneer building, where the active
elements on the envelope were abandoned a few years after the project opened because of
the burdensome maintenance. For these reasons, current research developments of building
envelopes are focused on more efficient systems exploring flexible and jointless solutions with no
electronic components by the hand of other disciplines.
2.1.

Passive responsive facades

Even when active systems changed the conceptualization of architectural envelopes in the second
half of the XX century and continued being used nowadays, the energy supply dependence and
obsolescence triggered a new change on the perspective of the building skins development
(Ogwezi et al. 2011). So that, now to translate properties from nano- to macro-scale is the new
challenge to architecture as a discipline to adapt in a passive way (Ng 2013), by the hand of
material science and engineering as an active member of this multidisciplinary development
(Momoda n.d.), this work has been focused on the research and application of smart materials with
a reversible change in shape triggered by external activation, these systems come as a response
due to the increase in energy demand in buildings by the use of HVAC systems.
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Fig. 1 Hierarchical location of stimuli-responsive materials on the materials world. Adapted from(Sun et al. 2012).

In accordance with Kolarevic and Parlac (2015), passive systems of dynamic activation that works
with intrinsic properties of materials are perhaps the most promising direction for the development
of adaptive building envelopes. Hence, at this moment building envelope can be considered a
protective barrier just like the skins is for the human beings, this kind of systems can take buildings
to an autonomous homeostatic state without additional energetic sources and be able to adapt to
their specific environment.

3

Passive responsive activation protocols
Building performance can be improved with the use of passive systems to reduce energy
consumption levels, and greenhouse gas emissions can be decreased (Kim Sung 2008),
new dynamic building interfaces that control outdoor conditions (Doumpioti 2011). Prior to the
application in buildings, performance prediction must be made (Loonen et al. 2017), nevertheless
this field is in an early stage. New developments must be focused on the integration of design,
material selection and operational features (Aksamija 2016) because of the substantial differences
between active and passive kinetic systems.
In active systems sensors and actuators are part of an integrative system, but in the case of
passive ones they are the system by itself, for this reason, they do not follow a general activation
protocol it is relative to the each material´s properties, because from microscopic to macroscopic
scale they merge sensing and actuating functions (Drossel et al. 2015).
Nano- and smart-materials application into architecture and building as a new field have been
classified by (Daveiga and Ferreira 2005 ; R.C.G.M. Loonen et al. 2015 ; Bahar BASARIR and M.
Cem ALTUN 2017 ; Fiorito et al. 2016). Despite those classifications, in architecture skins these
systems are being used to control physical variables, for this reason, the classification of the
newest reports is done by control weather variables and the chemical or physical protocol followed
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by the material proposed to achieve it. As can be seen in table 2, the passive systems reported are
listed and then break down by each protocol of activation.

Table 1: Passive control systems reported

Table 1 cont.: Passive control systems reported
Physic Variables, protocol, and materials used by passive responsive systems. Current uses and experimental proposals in
architecture. It does not mean that other variables which affect building comfort cannot be controlled with this kind of passive
responsive systems.

3.1.

Humidity passive control systems

3.1.1. Hygroscopic-based protocol
Hygroscopy is the ability of physical systems to absorbed humidity from the environment or gives
it back. Systems that attract water such as steam or liquid from their medium are hygroscopic.
Wood is a material with that feature through the cellulose as its constituent; it can attract water
molecules from the environment when it is dry and give them to the environment when it is wet to
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This property is usually seen as a disadvantage for building materials, so thermal treatment was
elaborated to study its effect on the hygroscopic properties of some wood species to inhibit it to
react with moisture (Kamperidou et al. 2013). Nevertheless, the cellular structure and the wood
fiber orientation allow a dimensional change up to 10% in the grain perpendicular orientation
(Dinwoodie 2000). Expansion and contraction in a specific direction can be obtained by anisotropic
deformation controlled by cell wall architecture through cellulose swelling and shrinkage (Burgert
and Fratzl 2009). In this way, changes in the cellulose volume by humidity exchange allows
movement, for instance, the pine cone scales hydrated/dried behavior (Le Duigou and Castro 2016)
is presented in Fig. 2.
Recently by this protocol different authors have reported the application of hygroscopic properties
on buildings passive control (Marshall 2015 2010; Ogwezi et al. 2013). As remarkable examples,
three types of individual laminate pieces systems with specific fibers direction were reported as a
principal component to obtain moisture responsive with autonomous movement. On the one hand,
architectural skin with closed modules under low humidity conditions and open modules under high
humidity conditions as can be seen in Fig. 3 was reported (Correa Zuluaga and Menges 2015). On
the other hand, Chao (2015) achieved a dynamic architectural surface and a sensor of moisture
made of a matrix of tiles elaborated with of lime veneer, nylon, and plastic with hydro-sensitive
capabilities because of different porous densities.
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be in equilibrium (Skaar 2012). Hygroscopy properties of different classes of wood were evaluated
by Samuel V. Glass and Samuel L. Zelinka (2010).

were reported (Vailati et al. 2018 ; Torres 2014), and hygroscopic actuated wood elements with
simple upscaling shape (Wood et al. 2018).
3.1.2. Hydrophilic Swelling/shrinkage-based protocol
Synthetic superabsorbent polymers such as hydrogels were introduced in the 70´s in replace of
cellulosic fibers, which based their absorption properties in their hygroscopic behavior without
significant swelling of their fibers (Staples and Chatterjee 2002). Hydrogels are water-absorbing
polymers that can swell in water, for instance, crosslinked sodium polyacrylate gel is the most used
in the pharmaceutical industry and can absorb 10 -1000 % of water above their original weight
(Ahmed 2015).
The polyacrylic hydrogels are commonly obtained by aqueous polymerization of acrylic acid
and crosslinked with vinyl groups. the result is an anionic polyelectrolyte with negative charged
carboxylic groups in the main chain (Ahmed 2015). Carboxylic group ionizes with water, and the
negative charge makes they repel each other compelling the polymer net to expand, then polar
water molecules are attracted to the negative charged carboxylic groups, and stay caught into
the chains between crosslinks as can be seen in Fig. 5, without those crosslinks, the polymer
would collapse (Staples and Chatterjee 2002), and dissolution would be obtained. So that, more
crosslinks conduce a less water absorption.
This class of environmentally-sensitive polymers (Qiu and Park 2001), were incorporated in
dynamic envelope systems with two different approaches based on their properties. The first
focused on the capacity of the material to retain large amounts of water, and the second one on
the change of volume by swollen. The first approach consist of a multi-cavity system that catches
rainwater; it is made of clay and filled with hydrogel spheres (Mitrofanova et al. 2014). The system
is focused on the passive cooling of an envelope module looking for the storage of water in a longterm and their slowly release through the day to improve thermal exchanges between the building
and the external as shown in Fig. 6.

			 2			
3			
4
Fig. 2 pinecone scales. Axial cut view, dried and swelled state, upper and lower tissue cellulose orientation can be seen on one
scale. The first one is located parallel to the scales axis, and the second one found perpendicular. Because both tissues are
linked, the system shrinks in the axial direction of each tissue allowing bending when are wet.
Fig. 3 3D printed programmable hygroscopic material, through additive manufacturing of a co-polyester composite thermoplastic
with high cellulose content from wood fibers, layers with different orientation and thickness was obtained as well as a multidirectional movement (Correa Zuluaga and Menges 2015) with two positions A low humidity, B high humidity
Fig.4 Motion with Moisture. Responsive biomimetic bilayer module view, A close final module, B completed open final module
(Nicola Augustin 2018)

Several classes of veneer wood: Prunus serotinal, Acer saccharum, Juglans nigra and Fagus
sylvatica with specific fiber orientation were evaluated and analyzed to shaped up a bilayer
dynamic system with Polyethylene Terephthalate layer as support (Nicola Augustin 2018). This
bilayer composite allows the development of a module that can be seen in Fig. 4 in a closed and
open position; this system can be applied in an envelope system sensible to humidity. Other studies
focused on different bilayer veneer made of Picea abies Karst, Fagus sylvatica, and Birch veneer
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Fig. 5 Sodium Polyacrylate Swollen process. A. Polymer chains in coiled chains state (dry). B. Swollen polymer ionized with
water molecules caught by carboxylic groups into their crosslinked network (wet)
Fig. 6 Hydroceramic. Scheme of the components of the cooling systems module, sodium polyacrylate spheres held into clay
layers for the slowly water/moisture releasing. Adapted from Mitrofanova et al. (2014).
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3.2.

Temperature passive control systems

3.2.1. Thermal expansion protocol
Hybrid shape memory material is a class of stimulus-responsive component made of two different
materials which do not have shape memory independent capabilities (Sun et al. 2012). Bimetallic shape memory strips are made of two metallic pieces with different thermal expansion
coefficient bonded by an elastic adhesive. The system operation is based on the asymmetric
stress distribution between both surfaces, because of the expansion/contraction of each strip
independently by thermal gradient differences. This phenomenon allows shape changes such as
bending, as shown in Fig. 7, by direct or indirect heating.
This principle has been applied to the scope of obtaining architectural surfaces with active thermal
features triggered by sun rays as well as weather thermal changes. An early report focused on the
behavior of thermo-bimetals in architecture was done by Kim Sung (2008), after that, a matrix made
of crossing panel pieces of bimetallic strips were applied in an experimental pavilion (Kim 2012).
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The second approach consists of a force generating systems (Y. Kyriakou et al. 2016 ; Ayala Castro
et al. 2017). The devices are based on an acrylic piece attached to hydrophobic fabric pockets
filled with sodium polyacrylate spheres with a mesh in contact with it. When the humidity goes
through the mesh, the change of volume of the pockets is triggered and the systems can allow
movement from one side to another or can open to allows air-flow. A different system which uses
the generating force of hydrogels was reported (Roth 2015), a surface made of a matrix of silicone
scales fixed by a composite based on polyacrylates was proposed. When the surface is in contact
with water or moisture the composites net points swell, and the scales can open and close when it
shrinks.

3.2.2. Reversible phase transition protocol

Shape memory Alloys, stress-induced martensite
This protocol bases their operation on the use of Shape Memory Alloys (SMA) a class of SRM
as their active component. SMA has several features such as shape memory effect (SME),
superelasticity, and high- damping capacity (Liu et al. 1999). The first has been used to achieve a
bi-directional movement by a martensitic reversible transformation because of warming or cooling.
This phenomenon is responsible for the SME. The second has been applied in infrastructure like
bridges, and robust behavior was demonstrated under dynamic loads (Cismaşiu and Amarante dos
Santos 2008).
The process of change of shape starts with a martensitic transformation which takes place in a
face-centered cubic unit cell structure, solid state austenite, by cooperative atoms movement
without any compositional change. A uniform distorted crystalline network is achieved because
atoms are moved within inter-atomic distances, producing a new martensite phase as can be seen
in Fig. 9, it does not mean that the movement occurs at the same time, but, the transformation
spreads through the network (Waitz et al. 2004).
The uses of SMA in architecture either as a dynamic system by itself or as a part of a bigger one
has shown an important improvement in performance and energy consumption (Decker and
Andrzej 2014). Nickel-Titanium alloy (NiTi) is the most reported SMA in responsive envelope
systems following the non-diffusional phase transition protocol as an actuator because of its reliable
mechanical performance (Sun et al. 2012). Several dynamic surfaces, focused on the control of
heat and light on buildings reported using NiTi matrix as an actuator. These systems base their
operation on prestressed springs or wires which try to recover their original shape because of
thermal fluctuations generating mechanical force in the process.

The proposed pavilion had a surface were closed modules were achieved when the temperature
goes down and porous ones when it rises, as shown in Fig. 8, the proposed system enables sunprotect by shading and natural air circulation. Another bimetal application was reported, commercial
bimetal flat springs were incorporated into a matrix of intertwined bar elements (Garcia Garcia et
al. 2014), the system was developed to be a deployable windows system and enable sun-rays
protection.

			 7					8
Fig. 7 Bimetal Strip. Two metals bonded together with different expansion coefficients.
Fig. 8 Bloom Research Installation Los Angeles.
Panel behavior Position A. Room temperature, closed module, Position B. Hight temperature, opened module.
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Fig. 9 non-diffusional phase change Austenite – Martensite deformed. The system changes shape macroscopically, as the
martensite grows or decreases, with a mechanical strain. The evolution of form can be created in a specific direction obtaining
deformed martensite; for this reason, the material needs to be deformed previously as training.
Fig. 10 Adaptive [Skins]. The dynamic control unit, operated by NiTi springs, Adapted from Cohan, Joe (2013)
Fig. 11 kinetic facade actuated by NiTi wires A. close module wire stressed. B. Open module wire contraction.
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The thermochromic effect, monoclinic to rutile phase
Inorganic materials can change their optical properties because of temperature variations.
Electronic properties of these materials at different temperatures cause the thermochromic effect
(Kamalisarvestani et al. 2013), some of them exhibit a more drastic change of color and variations
on their optical properties such as transmittance and reflectance. For instance, vanadium dioxide
VO2 and trioxide VO3, because of their drastic changes are the most studied inorganic materials
with optical temperature-dependent properties (Feng et al. 2016; Parkin and Manning 2006; Wang
et al. 2016).
Vanadium dioxide has a start critical temperature of 68°C for phase change from semiconductor
low-temperature monoclinic phase to metallic high-temperature rutile phase shown in Fig 12.
Differences in optical properties are achieved because of changes in V-V bonds angles and
interatomic distances (Zhang et al., 2018). In applications where a thermochromic effect is needed
such as smart windows, the critic temperature is too high in contrast with room temperature,
decisive to ensure the building´s thermal comfort. This is not the only disadvantage of these class
of smart coatings, the low transmittance in the semiconducting state and low reflecting rate in the
rutile limits their applications on facades of buildings.
For those reasons to enable its use on smart windows, several investigations were focused on
the most critic features as transition temperature, light transmittance rate, as well as alternative
synthesis methods. The pure VO2 polymorphous coating cannot achieve those goals, so the
general performance has been improved by doping or adding other materials. The incorporation of
zinc oxide polycrystalline film as a buffer layer between the glass and VO2 (Zhu et al., 2018), and
sol-gel alternative synthesis process with tungsten doping (Burkhardt et al. 1999; Liang et al. 2017;
Seyfouri and Binions 2017), has shown thermal transition reduction, higher transmittance rate, and
improved hydrophilic properties of the coating. Likewise in the synthesis field, the introduction of
impurities in the VO2 single crystals growth (MacChesney and Guggenheim 1969) does not have
effects on the energy behavior.
Critical transition-phase temperature has been studied through the doping of VO2 with: Aluminum
where a reduction of temperature and higher transmittance rate were found (Ji et al. 2018),
Zirconium ions were the temperature is reduced without modifies the transmittance (Lu et al.
2017). Rare-earth and tungsten (Tb/w, Eu/W) codoping has shown temperature reduction and
transmittance enhanced in 60% in the visible range as well as the doping with SiO2 with a
55.6% of transmittance (Wang et al. 2017 ; Cao et al. 2017). Regardless of these limitations, the
incorporation of thermochromic coatings to building glazing can reduce the energy dependence
for HVAC (Casini 2018), through these systems, reduction on the thermal gain can be achieved
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The use of prestressed springs as a bracket in a flexible laminate fabric were reported
(Abdelmohsen et al. 2016) ; Jun et al. 2017, 2015 ; Sushant and Pradeep 2014 ; Verma and
Devadass 2013). In these systems, when the temperature increases up to 45°C, the austenite
phase for this composition, the springs return to their original shape allowing changes in the
orientation of the laminate of every module as shown in Fig. 10. The use of NiTi as wires
(Formentini and Lenci 2018) and springs (Gonzales and Shreyas 2015 ; Khoo et al. 2011b, 2011a
; Khoo and Salim 2013, 2012) were reported and was applied in more stiff and robust panels skins
shown in Fig. 11, dynamic indirect illumination and heat-gain control by shadowing were obtained
because of the mechanical force obtained by NiTi phase transformation. Finally, the relationship
between building and users was explored as well using SMA actuators into integrative systems
(Diniz et al. 2007).

by blocking sunrays as shown in Fig. 13. For these reasons, their application in real buildings was
studied through dynamic simulation (Hoffmann et al. 2014 ; Costanzo et al. 2016) and real scale
application (Lee et al. 2013), they concluded that near-infrared spectrum thermochromic windows
are more efficient than visible-light coatings, achieving 20% additional energy savings.

			12						13
Fig. 12 Low-temperature, monoclinic phase (M) zig-zag V-V chains, with two different interatomic distances Insulator/Semiconductor to high-temperature Rutile (R) phase, linear V-V atom chains Metallic
Fig. 13 Thermochromic glass coating. A transmittance mode, B reflectance mode

Furthermore, the critic temperature adjustments must look for the temperature of the glass surfaces
and not the room temperature, and at least 50% transmittance is needed in the semiconductor
state to achieve energetically efficient systems. Otherwise, different projects not based on
vanadium dioxide have been developed as an alternative. Thermotropic smart windows based
on hydroxypropyl cellulose with 22% of energy savings were reported (Allen et al. 2017), and
thermochromic pigments incorporated into architectural surfaces (Bhaktavatsala 2015) to display
real-time data through the building envelope.

Phase change protocol, liquid-solid.
Phase change materials (PCM) are substances with the ability to have a phase transition at a
specific temperature range (Kuta and Wójcik 2015) from which a heat absorption or emission
produces latent heat (LH). During the solid-liquid phase transition heat is absorbed and released
induced by the weather changes as shown in Fig. 14, the LH can be stored, and this process has
been classified as the most efficient way to store thermal energy with the highest storage density
with small temperature changes (Iten et al. 2016) the temperature, and amount of LH are unique
characteristics of a specific material (L. Li et al. 2016).
Once the efficiency of PCM was determined, this protocol has been used in buildings through
the inclusion of PCMs in constructive elements with two different scopes. On the one hand, to
store the heat gained through the day and release it during the night and vice versa. On the other
hand, in the avoidance of direct thermal transfer from the outdoors to the indoors (Kasaeian et al.
2017), because the heat received for the PCM is used as LH to change of state rather than being
transmitted. These developments are focused mainly on envelope elements (Liu et al. 2018 ;
Akeiber et al. 2016).
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The inclusion of PCM on building elements has been assessed in envelopes as follow: window
panels (S. Li et al. 2016), Dynamic shading systems (Bianco et al. 2018), opaque building envelope
elements (Cascone et al. 2018; Fateh et al. 2018), Trombe walls (Leang et al. 2017), lightweight
floors (Royon et al. 2014), concrete blocks (Erlbeck et al. 2018), and cellulose insulation (Lee et al.
2018). Besides, different elements based on wood composite materials were proposed (Yang et al.
2018), multifunctional concretes (D’Alessandro et al. 2018) doped concretes (Laura Pisello et al.
2017), and mortar based construction materials by Rao et al. (2018).
Likewise, simulation and evaluation methods are proposed for passive cooling envelopes based
on PCM by Castell and Farid (2014), reduced scale evaluation of performance by Young, Falzone,
Wei, Sant, & Pilon (2018), as well as, general optimization of buildings (Saffari et al. 2017). Detailed
studies were carried out in residential and commercial establishments (Pasupathy et al. 2008), and
performance studies in local weather were performed (Pascha 2008). Finally, the actual state of the
art allows the life cycle assessment of PCM inclusions in buildings (Kylili and Fokaides 2016), and
the improvement in the synthesis to obtain long-term heat storage systems (Han et al. 2017).
3.3.

Light passive control systems

Attraction-repulsion electrostatic forces protocol
Following the Coulomb’s law, with the use of Electro-Active Polymers (EAP) an elastomer with
electric conduction features (Bobnar et al. 2007 ; Meng and Li 2013) a dielectric system has been
obtained. The hybrid is a multilayer system defined by a dielectric elastomeric layer restricted both
sides by electrodes. The dynamic behavior is triggered when an electric current, the stimuli, goes
through the laminate rising the electrostatic forces generating a contraction of the elastomer. As a
result, a dimensional change occurs going from a thick to a flat and thin plate as shown in Fig. 15,
allowing the development of components that can be deformed in a predicted direction (Kolodziej
and Josef 2013).
This protocol is presented as a route to enhanced reactive buildings with the outdoors and users
as well (Decker 2017 ; Krietemeyer 2016). With the aim of control sunlight inside a building, a
network made of an elastomer coated with silver electrodes limited by glass layers was developed
by Decker (2013) as shown in Fig. 16. A bi-directional movement was produced, in the first position,
when sunlight tries to enter the building; the elastomers are compressed blocking and reflecting the
light, and in the second one, the elastomer recovers their original shape, allowing the direct contact
from the inside to the outside as can be seen in Fig. 17.
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Fig. 14 Temperature against time PCM behavior. The Latent Heat is stored and released in function of the temperature of the
medium, adapted from © Pazrev, 2014.
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Fig. 15 Schematic dielectric electroactive mechanism of actuation. A position. The elastomer has a permanent shape. B position. The elastomer is compressed by electrostatic forces, changing their shape in X and Y direction. The performance of this
kind of system can be improved by pre-strain training.
Fig. 16 Homeostatic Facade Prototype (New York) basic skin unit. Dielectric elastomer coated with silver electrodes. Open and
close position view. Reproduced from (Decker, 2013)
Fig.17 Homeostatic Facade Prototype (New York). System operation, inside view. Top. Permanent shape and path (open position); Bottom, temporal shape after stimuli (closed position) reproduced from (Decker, 2013)

Several homeostatic skin projects with the use of electro-responsive elements were developed. A
lightweight and semi-translucent actuator film defined by a high elastic elastomeric film, coated with
a conductive carbon black powder and insulated by a liquid silicone layer was reported (Joucka
2016 ; Kretzer 2010 ; Kretzer and Rossi 2012). In another approximation, an EAP laminate was
joined to water, also used as stimulus, (Franzke et al. 2016) to obtain a hydro-active responsive
system. Finally, translucent ETFE cushions actuated by an EAP strip were reported (Biloria and
Sumini 2009), and EAP plates into double glazing facade were simulated (Krietemeyer and Anna
H. 2011) showing improvement in the energy performance. The reviewed proposals have one
major disadvantage which is a high voltage needed to actuate the systems such that it limits the
application and affects the detriment to the overall efficiency.

Electrochromic protocol
The change in optical properties is a characteristic of inorganic materials. The electrochromic effect,
for instance, occurs in partially hydrated transition metal oxides (Svensson and Granqvist 1985).
The effect is a reversible electrochemical reaction where oxides are formed by ion extraction and
insertion. The process triggers changes in physical properties as, conductivity, IR absorption, and
color. To obtain the effect a coating system made of several thin layers as shown in Fig. 18 must
be done. The system shifts from an oxide insulator state to a quasi-metallic one when an external
potential is applied.
The electroactive layers change their optical properties between their oxidized and reduced form
because of electron flow in the system. In the case of tungsten oxide WO3, used in the amorphous
state in electrochromic coatings, are the most studied (Svensson and Granqvist 1985), were ions
exchange used to be H+ or Li+ (Azens et al. 2005), allowing the change in IR absorption as seen
in Fig 19. The system can be customized to obtain different time response as well as absorbing /
reflecting rate.
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Fig. 18 The basis is a glass or plastic covered by a transparent conducting film, on multiple cathodic electroactive layers is affixed. A layer of ion conductor follows these, on its turn followed by an ion-storage film or one (or multiple) complimentary anodic
electroactive layers and another transparent conducting film.
Fig. 19 Tungsten Oxide Electrochromic coated window, the process of change of conductive and reflecting properties From A
(blue) to F (transparent) MxWO3 ↔ WO3+xM+ +xe reproduced from Gesimat (2009).

Nevertheless it is not a property of the material by itself, it is a result of a mix of chemical and
processing features. They have been used in several technological areas because of their widerange stimuli responsiveness.
In the case of thermal-responsive SMPs, are based on a polymer with molecular entanglement,
chemical crosslinking, crystallization and interpenetrated network. The reversible switching
transitions are crystallization/melting and vitrification/glass as shown in Fig. 20. During this process,
a change of shape or mechanical force can be obtained.
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Fig. 20 Polymer Thermal-switching transitions. A. Crystallization/Melting B. Vitrification/glass. Under appropriate Δt the polymer
chains gain mobility allowing a reversible change of shape.
Fig. 21 Translated geometries. Standing structure actuated by SMP A. open position
B. closed position, reproduced from (shambayati et al., 2014).

Although, electrochromic thin layers were developed since 1973 (Deb 1973), their most promising
application is electrochromic coated windows (ECW) (Granqvist 1995; Pittaluga 2015) which were
designed and commercialized in the last decade. These systems are based on flexible layers
that can be inserted into a glass or polymer as a substrate with transparent conductors with
high electronic conductivity (Azens and Granqvist 2003), to allow performance of few volts. The
performance of this system was evaluated in comparison to other glazing technologies as fritted
glass (Malekafzali Ardakan et al. 2017), significantly better performance in ECW was reported
because it provides a glare control in the areas of the facade which the sun is in contact with.
Meanwhile, other zones remain in the visible mode allowing the entry of diffuse light avoiding the
use of artificial light sources.
The use of ECW was evaluated in office buildings located in hot and cold areas (Sbar et al., 2012)
achieving 45% of energy savings and from 35% to 50% of carbon emissions reduction using ECW
panels in comparison with no- treated glass windows. Moreover, a long-term performance study
of tungsten dioxide coating for 20 months period was performed (Lee et al. 2006) were and 26 ±
15% energy savings was obtained. Meanwhile, efficiency simulations conducted showed a 16% of
energy savings (Aslihan and Eleanor 2018; DeForest et al. 2017; Lee and Tavil 2007).
Despite the use of electric current, this kind of passive system, Attraction-repulsion electrostatic
forces, and electrochromic protocols differ from active ones, because the electron flow is used
plainly as the stimulus, which triggers the change of shape and properties of the system and has
shown important energy savings. In the case of active systems based on DAS protocol, electric
current is used as an additional continuous resource to ensure the operation of the electronic
components.

Elongation induced by thermal transitions.
Shape memory polymers (SMPs) are stable polymer networks with reversible switching transitions
triggered by several stimuli as temperature, pH, electricity, magnetic field, light, and ions mainly
(Meng and Li, 2013). There are multiple molecular structures which drive SME in polymers.
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Based on these protocols, crystallization/melting, and Vitrification/glass transitions, commercial
temperature SMP have been used to realize self-standing structures actuated by dynamic actuators
as flexible hinges (Beites 2013; shambayati et al. 2014) as shown in Fig. 21, and a lightweight 2D
structure with no structural elements embedded with prestressed SMP (Arnellou et al. 2015). SMP
tape was proposed as an actuator of a flexible metamaterial used in indoors for light control (Tang
et al. 2016).

4

Conclusions
As was seen, passive systems of dynamic control in buildings thus far developed has obtained
favorable and promising results. On the one hand, passive systems use responsive materials that
cannot be turned off or work just by one-user preferences, limitation to be recognized, likewise
thermal, and comfort indexes must be evaluated on those new experimental projects. On the other
hand, they have been created or applied in buildings in the last decades, for this reason, most of
them are found in an experimental phase. Still, it is necessary to continued proving, verifying and
optimizing to tuning and spread of this kind of envelopes systems massively, because nowadays,
among others, the systems high costs limits their applications.
The reviewed systems are in different states of the art. On the one hand, PCM, as well as
thermochromic and photochromic coated windows were incorporated in building for more than
a decade and nowadays are in a stage of evaluation, alternative methods of synthesis are still
being developed and studied to enhanced building performance. On the other hand, hygroscopic
systems, shape memory alloys, bi-metallic strips, and shape memory polymers are in an
experimental stage were measure systems units, legislation or robust commercial solutions
cannot be found. All of them presents interesting and different ways to look at the issue of passive
response to micro-environmental fluctuations.
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The interest of the scientific community on the use of shape Memory/responsive Polymers
SMP has been growing in terms of research and development because it has some competitive
differential features such as low density, wide-spectrum stimuli responsiveness, multiple reaction
mechanisms, and programming versatility, among others. These features establish SMP as a group
of materials to focus on future responsive building skins research because they can shape up
active components independently, as composite materials or be part of hybrid ones. Studies and
possibilities are not just for skins but for self-assembly building components (potential 4D printing),
change of user interfaces shape or kinetic to electric building energy production.
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Temperature change is a key factor in adaptive façade design: many materials react to it by adapting
their chemical and physical properties. Thus, analysing temperature-responsive systems is of primary
importance for contractors, architects and engineers to develop passive devices.
This paper is a survey of temperature-responsive systems and their recent application in building
envelopes. The first part offers a general overview of passive, or auto-reactive, materials (or more
complex systems that include materials). All components are grouped according to their physical
principle and sorted according to two main parameters of classification – input-Energy and outputStrategy. The second part focuses on temperature-responsive systems, part of passive materials,
which are capable of adapting their shape as soon as temperature significantly increases or decreases
– for instance materials with shape-memory effect, phase-change materials, composite bi-materials,
chromogenic and thermoelectric materials. In comparison to materials that respond to other kind of
stimuli, they are highly available on the market and their introduction in scientific applications has been
already tested. More importantly, this group of materials show a strong potential for being used by
the construction industry. Their special properties, e.g. the reaction time, the operating temperature
range, the type of change, the durability and the recyclability, distingue each system from another and
allow a different use. The review of the features of each material is implemented and complemented
by a collection of applications, in order to properly understand the purpose of passive strategies in
contemporaneous architectural projects.

Keywords: passive, auto-reactive, temperature, input-output, catalogue

1

Introduction
The building envelope can react to a variety of inputs originated by the natural surrounding. Most
envelope reactions imply transformations that enhance the building performances such as the
thermal, visual and acoustic comfort and the air quality. From a design perspective, the issue is
not so much to focus on the reactions as to question what kind of inputs set off them. In effect,
Newton’s third law of motion reminds us that a reaction never occurs alone, but always in pair
with action – they are result of mutual interactions. Current adaptive solutions deal primarily with
electric sources to trigger the reactions. The use of electricity and external mechanisms explains
why the concept of adaptivity is mainly understood as a technical function, which involves an
intricate development or complex use. Indeed, electricity has allowed architects a high degree of
control over action-reactions and till now constitutes an economically affordable source. Although
it provides a broad spectrum of alternatives, adaptive design often rests on countless small
components regulated by computer-assisted systems. This process is articulated in three different
steps, such as separate sensing, controlling and actuating procedures – to which correspond three
components: a sensor, a controller and an actuator.
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2

Passive strategies
A review of the recent literature about passive systems reveals that the topic requires a clear and
unambiguous definition. Various authors have applied the term ‘passive’, ‘smart’ or ‘auto reactive’,
to describe many slightly different concepts. Among others M. Addington described in 2005 smart
materials as “highly engineered materials that respond intelligently to their environment”. Writing
about ‘interactive architecture’, M. Fox (2016) argued that “the adaptive capacity of their systems is
ingrained in the material; no additional technical equipment is required”. D.H. Braun and B. Bader
(2013) introduced auto-reactivity in building envelopes when “modern materials and on the basis
of inspirations from technologies in fields of studies other than architecture, adjust to the individual
needs of the users of a building”. S. Persiani (2016) defined auto-reactive systems as “an evolution
of reactive systems, using latent unused Energy from their surrounding environment to achieve
physical change through mechanical transmission or use of adaptive materials undergoing dynamic
change in response to an external change of specific conditions”. Finally, M. Casini (2016) outlined
passive adaptive components as “systems capable of changing their configuration autonomously
without the need for external control and power supply. These systems usually employ smart
materials able to vary their configuration according to external environmental stimuli.” Here, passive
solutions are intended as the capability of materials to transform environmental resources into
another type of energy.
Facing energetic issues, passive systems introduce two relevant topics. On one hand the necessity
of reducing the use of non alternative sources. By operating simultaneously as sensor, controller
and actuator, these components are in most cases self-sufficient and react directly to environmental
factors following the gradual changes of the climate. On the other hand, passive systems open
potential applications of such low-tech strategies to regions where advanced technologies are not
so common. This results feasible, since the adaptive performance of buildings depends just on local
factors and not on external control. But, the strong dependency from the environment also implies
that users can in few cases interact with the adaptivity. Adaptive-passive components seem flexible
to the changing environment, but cannot be manually regulated from building users whenever a
change is required.
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However, electricity “superimposes high-tech equipment on otherwise inert material,” as A. Menges,
S. Reichers and O. D. Krieg (2014) state, and “in nature a fundamentally different, no-tech strategy
can be observed.” This paper focuses on temperature as environmental input, relying on the
evidence that temperature impacts material adaptation more than other environmental stimuli. If
one considers that almost all energy in our environment comes from the sun, it is of the utmost
importance to explore the potential offered by temperature changes. Once again, Newton’s principle
helps us to simplify the adaptive process. If object A exerts a force on object B, B responds to A
with an equal and opposite force. When they act on different objects, these forces do not neutralise
each other. In other words, the façade materials can react autonomously to temperature thanks
to their physical or chemical properties. These strategies – passive – do not need a third external
input such as electricity, as soon as they exploit the characteristic resources of materials, whether
row or manufactured. Temperature changes can directly influence the inner comfort of buildings
and the functions of insulating, energy harvesting and generating, sun-shading. Even other factors
like the control of relative humidity, heat radiations and the quality of air are all related with the
continuous temperature fluctuations. Far beyond sensors and monitoring systems, the new type of
envelope can evolve toward thermo-responsive systems, that offer the potential to design building
components with varied properties of density, translucency and elasticity. In order to give a general
overview of the thermo-reactive systems which have been tested up to today in the building sector,
this research surveys the properties of Phase Change Materials, Shape Memory Alloys, Composite
Materials, Chromogenic Materials and Thermoelectric Materials.

A fully comprehension of how passive strategies work starts from a survey of available materials
and systems: it involves a collection of data based on previous catalogues, which need to be
revised and updated. Since the nineties, H. Janocha has reported an overall picture of materials
from different technical practices. His books “Aktoren. Grundlagen und Anwendungen” (1992) and
“Unkonventionelle Aktoren. Eine Einführung” published in 2010 and in 2013 in its second edition,
represent a complete collection of ‘controllable work‐producing devices’, yet whose application can
seldom fulfil building tasks. Here, physical properties and laboratory tests of components such as
bi-metals, shape memory alloys and electroactive polymers are presented and evaluated. In 2007,
A. Ritter analysed in his book “Smart Materials in Architecture, Interior Architecture und Design”
an architecture-oriented state-of-the-art in the field of passive, ‘smart’, components. In this survey
the range of materials is wide, but a systematic classification misses and an assessment of the
different materials with one-to-one relationships is not possible. Furthermore, the book does not
include recent products from other related disciplines and reveals that the spectrum of passive
materials used in architecture is nowadays substantially low. In areas such as biology, medicine or
automotive industry an intense research leads to a rapid development of innovative, cutting-edge
technologies.
This work aims at bridging the lacks of previous publications, by providing a new catalogue
that contains recent passive systems and, therefore, can be a useful tool for the design of new
building envelope. Following other catalogues, all passive components are grouped according
to their physical principle and sorted by their input-Energy. The input-Energy corresponds to
the environmental source that triggers a chemical or physical reactive process and therefore to
temperature, sunlight, wind pressure, humidity and precipitations, acoustic waves and electricity. In
addiction to this first parameter, passive materials and systems are classified according to a second
parameter, the output-Strategy. It indicates the reaction generated by the material in response to
a specific stimulus. All various possible strategies that passive materials can manifest implicate a
physical and/or chemical, visible and/or invisible movement. In this research, these are grouped
into three macro-categories: the dynamic change, the optical change and the exchanges of energy
or matter with the environment. Table 1 displays a matrix of the passive systems, mapped through
the two above mentioned parameters – input-Energy (rows) and output-Strategy (columns).
The generated database assesses passive materials and their properties, but don’t focus on
evaluating whether every single their application is feasible or not for architectural purposes. In
order to analyse how external factors can influence façade components in specific environmental
circumstances, further investigations are needed.

Table 1: Matrix of the passive systems.

In the realm of passive systems, there is an external factor that mainly affects specific functions
of the envelope – the temperature. The large number of action-reaction processes that involve
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3

Thermo-responsive strategies
The following section is a cross-sectional study of a class of materials – thermo-responsive
materials –, that focuses on their peculiar characteristics and limitations. It is a survey of their
recent applications and future potential uses in the field of adaptive façades. In this analysis five
groups of materials are illustrated: Phase Change Materials, Shape Memory Alloys, Composite
Materials, Chromogenic Materials and Thermoelectric Materials.
3.1. Phase Change Materials (PCM)
Among various solutions developed for passive-sustainable buildings, Phase Change Materials
definitely show a wider range of applications, aimed at enhancing energy performances. These
materials seem convenient for climates with high demand on both heating and cooling and have
any specific restriction on the availability. If compared with other materials, PCMs exhibit some
uncommon thermo-physical features during the phase transition, from a liquid to a solid phase
and vice versa. Thanks to their temperature-enthalpy properties, some of those materials are able
to gather latent heat for thermal energy storage purposes. Inorganic PCMs, the most efficient
for this purpose, are already contained in several building components, such as wall boards,
ceilings panels, windows curtains or dynamic glazings. New tests and analysis evidence that these
materials can also be used for heat storage tanks, to accumulate and store thermal energy for
numerous weeks.
While inorganic PCMs, such as salt hydrates, show higher energy storage capacity, organic
PCMs, mainly paraffins, have longer stability and higher thermal expansion when heated. Organic
materials manifest physical alterations with an ‘active’ adaptation, instead of ‘latent’. Thanks to
their chemical energy, Phase Change Materials, and particularly paraffins, expand in volume up
to 20-25% (thermal expansion coefficient of nearly 500×10-6 K-1), providing large forces. Specific
systems, such as thermal (linear) actuators, can convert thermal energy into mechanical energy by
exploiting the phase-change properties of paraffin waxes. During melting, these materials expand
and push a piston, causing a movement of the component. As soon as temperature decreases and
goes below the freezing point, the waxes contract and the entire system returns to the initial state.
Since melting point ranges can be customised, thermal actuators are suitable for applications in
different climatic circumstances and temperatures. Such systems are already used in aerospace
and automotive industry or in the greenhouse sector.
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temperature changes reflects a great availability on the market of thermo-responsive materials.
As recent studies indicate, the purpose of adaptive components in façades often addresses the
improvement of thermal and visual comfort of interior spaces. Consequently, façade elements are
mainly related with solar radiation and outdoor temperature (D. Aelenei, L. Aelenei, C. Pacheco
Vieira 2016) – within this group, many case studies involve the integration of photovoltaic cells
as adaptive element. External factors as humidity, wind pressure or noise are less investigated,
since the combination with a specific function of the envelope is more problematic. In parallel with
this tendency, the data collected in the catalogue of passive systems reflect a production of row
and manufactured materials that react mainly to temperature changes. In descending order, less
elements react to electricity, sunlight (electromagnetic forces), humidity, wind pressure and acoustic
waves.

3.2. Shape Memory Alloys (SMA)
Despite their high presence on the market, Shape Memory Alloys don’t exhibit many applications
in the building sector. Their use appears dramatically restricted, since only a few materials can
fulfil the requirements of envelopes. The reasons of these difficulties embrace among others the
necessary manufacturing costs and a high hysteresis. The temperature difference between phase
transformations – from austenite to martensite state and vice versa – upon heating and cooling
reaches typically around 25-30°C. Nevertheless, the alloy with the greatest market presence is
certainly Nitinol. Nitinol is usually composed of around 55% Nickel and 45% Titanium. By slightly
varying the chemical composition, the alloy can also be adapted to different climatic circumstances
and the transition-phase temperature modified. Nitinol’s transformation occurs within the elastic
phase and enables the alloy to be deformed without irreversible plastic deformations. Moreover,
this transformation brings a change in Young’s modulus of the solid material, modifying rapidly its
stiffness. This abrupt change of stiffness boosts the damping capacity of Nitinol-based systems and
allows them to convert kinetic energy into heat.
The recent application of SMAs in building industry reflects the two above mentioned features. For
its pseudo-elastic, or super-elastic, property (passive effect), Nitinol can be integrated in damping
systems for controlling seismic waves during earthquakes. Besides, SMAs have been recently used
for their shape recovery characteristic (active effect). This application is limited to thermo-reactive
textile curtains or window shutters, that fold and unfold depending on different temperature levels.
3.3. Composite Materials (CM)
Composite Materials combine at least two materials with different chemical or physical properties,
in order to achieve a specific given purpose. This text deals with layered composites that integrate
only two materials with greatly different thermal expansion coefficients. The aim of this combination
is to generate a change of form – in this case a bending – when the materials are heated and
cooled. The use of metals or plastics, as CMs respectively called bi-metals and bi-plastics, results
in systems that produce significant deformation, but very small forces. On one side, bi-metals are a
combination of a passive element, Invar or Super-Invar, and an active element, e.g. MnNiCu. This
compound often reaches a high degree of curvature, but it cannot carry loads much heavier than
their own weight. On the other, bi-plastics use a passive element, often Polyethylene terephthalate
(PET), and an active polymer blend, Polyethylene (PE). Many studies show that these polymer
composites can be reinforced with 3D-printed fibres.
Composite Materials appear also adaptable to several outer conditions, since the alteration of the
two matching layers can originated different reaction temperatures. Even if stable and durable, this
group of CMs still do not catch the attention of industries. Nowadays the application in façades is
limited to window shutters integrated between two glass panes that fold and unfold depending on
different temperature levels.
3.4. Chromogenic Materials
As the name would suggests, chromogenic materials react to a change of environmental
parameters by altering their optical properties. The optical alteration refers to a change of colour
as well as of the level of transparency. At present, this group of materials certainly presents a high
number of solutions for the building envelope. The range of solutions encompasses components
that react to different stimuli, such as temperature, electro-magnetic radiation (sunlight), mechanical
pressure or electric power. But, focusing the attention on temperature-dependent systems (thermo-
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chromic systems), the spectrum is reduced to a few materials. Thermo-chromic materials have
been recently integrated as adaptive films between two or more glass panes, in order to passively
control the fluxes of light and thermal energy in sustainable buildings. Maybe one of the most
relevant test included of Vanadium dioxide in dynamic glasses, without providing the expected
results. A lack of long-term stability and extremely high costs make their presence in the market
currently not foreseeable. Similarly innovative are researches on poly(N-isopropylacrylamide),
PNIPA hydrogels, since they show considerable results for the façade’s requirements. A long-term
stability, combined with a tailored adjustment of switching temperatures during the manufacturing
process and a production of components with appropriate sizes for the building industry, allow
thermotropic coatings like PNIPA hydrogels to contend with electrochromic materials in the sector of
dynamic glasses. But, unlike electrochromic glasses, the process cannot be manually operated and
the risk that the thermo-chromic glazing switches despite demand for heat in the building cannot be
ignored. Furthermore, thermotropic glasses reach an almost-transparent state when switched off,
while glasses with electrochromic elements, such as Tungsten oxide, remain perfectly transparent.

The first part of the paper focuses on providing an overview of passive strategies. Due to the lack
of a clear definition of these strategies, the research introduces a systematic analysis proposing a
method of classification. A detailed examination of thermo-responsive systems follows. The analysis
of specific features and applications in a subgroup of passive systems (thermo-responsive systems)
reveals an employment of façade components mainly in multi-layered glasses as sun-shading
devices. Quite surprising is the fact that thermal expansion properties of PCMs and form change
properties CMs (mainly polymer blends) are not applied at all in adaptive components.
To summarise, the employment of above mentioned properties could lead to promising results in
architecture. Their integration in buildings is indeed more likely than other types of environmental
sources. Future work needs to extend the survey of thermo-responsive to other types of stimuli.
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3.5. Thermoelectric materials
Thermoelectric systems, more commonly known as generators, transform heat flux directly and
instantly into electricity – according to the Seeback effect. By increasing the temperature gap on
the two sides, the system become more efficient and, consequently, more electricity is generated.
But, their low efficiency rate, around 8%, make these systems suitable in circumstances with strong
heat fluxes. Due to the necessary high temperature differences and a low availability of their row
materials, mainly Bismuth telluride, this group of materials still doesn’t exhibit potential applications
in the building industry.
Table 2 provides an overview of the main properties of the above illustrated five groups.

Table 2: Matrix of the thermo-responsive systems.
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The great challenge for passive strategies lies in the capacity of materials to ‘act and react’.
This means that materials can adjust their properties autonomously, yet controlled, in response
to environmental conditions and flows. Nevertheless, as M. Kretzer (2014) claimed, “the factors
that drive the adjustment of materials are often not directly perceivable, since they are based on
internal reactions and actions.” The proposed approach gives greater visibility to thermal reactions
in materials developed for architectural purposes (PCM, SMA, CM, thermochromic materials and
thermoelectric materials). Since temperature influences their behaviour, thermo-responsive systems
play a lead role in enhancing the building performance and the interior comfort.
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Ferrofluids are colloidal liquids made of nanoscale ferromagnetic, or ferrimagnetic, particles (usually
10 nm particles of metallic elements) which are suspended in a carrier fluid (usually an organic solvent
or water). The solution becomes strongly magnetized in a magnetic field. Ferrofluids are the focus
of research carried out in a variety of fields (e.g. electronics, medicine), including projects such as
adaptive shape-shifting magnetic mirrors.
The potential for the application of ferrofluids in façade shading design lies in two specific features of
these substances. The first is the dark colour of the fluid (e.g. black in the case of iron nanoparticles),
which makes it fully opaque, thus allowing it to function as a shading device. The second feature is the
possibility to freely modify the ferrofluid shape in a magnetic field density ranging from 100 to 500 mT
(mili Tesla) in a matter of milliseconds.
The proposed paper briefly describes the characteristics of ferrofluids and presents the available
technologies for the abovementioned design. Based on previously developed prototypes of ferrofluid
shading the article also illustrates the device’s mode of operation.

Keywords: ferrofluid, adaptive façade, façade regulation, façade shading

1

Introduction
Energy efficiency in building design is becoming increasingly important as it may significantly
contribute to low-carbon buildings and cities in the future. The state-of-the-art materials and
technologies that are used in the design of dynamic glazing “optimize the energy behavior of
buildings and at the same time meet the comfort needs of users” (Casini 2016). So far, the most
popular technologies include suspended particle devices (SPD), liquid crystal device windows
(LCDW) and micro-blinds. The use of expensive coating and the components made of rare-earth
elements substantially increases the initial cost of these technologies which is why a relatively small
number of them reaches the market.
Ferrofluids are colloidal liquids made of nanoscale ferromagnetic, or ferromagnetic, particles
(usually 10 nm particles of metallic elements) which are suspended in a carrier fluid (usually an
organic solvent or water). The solution becomes strongly magnetized in a magnetic field. The most
comprehensive lecture on ferrofluids is given in the book titled “Colloidal Magnetic Fluids: Basics”
by S. Odenbach (Odenbach 2009). Ferrofluids are the focus of research carried out in a variety
of fields (e.g. electronics, medicine) including projects such as adaptive shape-shifting magnetic
mirrors.
Ferrofluids are highly magnetic compounds which “can be precisely positioned and controlled by
an external magnetic field” (Nam-Trung et al 2006). This opens a wide range of possibilities for the
application of opaque ferrofluids in façade design. Another important feature of ferrofluids is that
they “respond immediately to the changes in the applied magnetic field” (Nam-Trung et al 2006)
and can therefore be used to design light valves that react instantly.
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Existing technologies
The idea to use ferrofluids as a device that regulates light incidence is not new. In the past, several
design concepts were proposed, some of which entered the prototype phase, while others are
already on market. Many of these proposals feature the use of strong neodymium magnets to
manipulate the ferrofluid. The idea of a 2-mm-thick container partially filled with a ferrofluid that
is manipulated by a so-called transparent “magnetic actuator”, was presented by Zi Tong Teo, a
student at the National University of Singapore, in his design of a “Magnetic Ferrofluid Pattern
Facade Technology”. The project won an award in the RIBA President’s Medals Student Awards
competition in 2013 (Zi Tong 2013).
An interesting application of a ferrofluid display was presented by the Ferrolic company, founded
by Zelf Koelman from the Eindhoven University of Technology. The prototype, which was later
marketed as the final product called Ferrolic clock, features a thin tank filled with a dark opaque
ferrofluid and a non-mixing clear fluid (the viscosity depends on the surfactant used to compose
the ferrofluid itself, e.g. silicone oil). The front wall of the tank is made of glass while the rear one
is opaque and houses electromagnets that manipulate the droplets of ferrofluid. The fact that the
magnets are arranged in a matrix makes it possible to influence the ferrofluid, i.e. “to pick it up and
move it around“ (Koelman 2015) so as to form shapes, such as digits or letters. This technology
has been commercialized and a ferrofluid clock can currently be purchased. Of course this
technology is non-transmissive but it proves that it is possible to manipulate the ferrofluid locally.
A similar product was recently presented by Damjan Stanković (Stanković 2018), but it uses a
complicated mechanical device with neodymium magnets to manipulate the ferrofluid.
2.1. Novelty of this paper
This paper presents two designs that involve the manipulation of ferromagnetic fluid acting as
a solar shade integrated with e.g. façade glazing. In the second proposal a number of smaller
compartments are used to store the ferrofluid in order to facilitate the said manipulation and reduce
the density of the magnetic field required to do so. This, in turn, reduces energy consumption, both
by reducing the heat gain and the power consumed by the system itself.

3

Technological feasibility
3.1. Ferrofluid manipulation
The research on the manipulation of micro- and nano-sized droplets of ferrofluid is developing
dynamically. The potential for various technical applications of ferrofluid has been proved e.g. in
valves without mechanical parts or in light-directing optical devices (Torres-Díaz & Rinaldi 2014).
The ongoing research in the discipline of ferrohydrodynamics promises to make more scientific data
available for review soon (Rosensweig 2014) . The shape formation of ferrofluid under magnetic
field has been considered to be one of most difficult problems to analyze. A number of papers were
presented, that address this issue, e.g. a numerical solution for calculating equilibrium shapes of
ferrofluid subjected to external magnetic fields (Sun Kim et al 2009; Tan 2010) .
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3.2. Transparent coils
The discipline of transparent conductive layers has been growing rapidly mainly in response to the
push from the market of flat TV and cellphone displays. So far transparent electrode coils have
been created to test wireless power transfer using coatings made of multilayered IZTO/Ag/IZTO,
and have proved to be efficient in charging e.g. medical devices (Putri et al 2014). Planar loops
and spiral coils were placed on the top and bottom of an acrylic substrate (Lee et al 2016). A typical
fridge magnet with a magnetic field density of approx. 5 mT (militesla) is not powerful enough to
manipulate the ferrofluid, but this can be done successfully by means of neodymium magnets
with a magnetic flux density of approx. 1.2 – 1.5 Tesla. Similar density can also be achieved by a
loudspeaker coil (1-1.5 Tesla). These numbers suggest that it is feasible to produce a density of
approx. 500-700 mT using transparent coils, which is enough to manipulate the ferrofluid on a short
few-millimeter distance, facilitating “easy manipulation of a micro-ferrofluid droplet with planar
microcoils” (Nam-rung et al 2006). This manipulation is also possible due to a “high magnetic field
gradient, that can be achieved with microcoils” (Nam-rung et al 2006).
Also micromagnetic arrays might be used to generate required magnetic field to manipulate
ferrofluid. For the 1cm2 façade compartment containing volume of 1 ml of ferrofluid the magnetic
field required to activate ferrofluid will be 10 mT to 100 mT. Assuming that overall area of the façade
element would by 3,6 m2 – 3,6M micro magnetic arrays are required activate the overall volume of
ferrofluid, if the system occupies the whole surface of the pane.

4

Conceptual proposals
In the course of the research two proposals were prepared and one was eliminated after the initial
brief study.
4.1. Conceptual proposal no. 1
The proposal included a flat few-millimeter-thick vertical container with the ferrofluid and another
non-mixing clear inert fluid floating between two panes of glass or acrylic and with transparent coils
mounted on the walls inside the container. Assuming that there is 20% of ferrofluid between two
standard, i.e. one-story-high, panes of glass, which are 1.2 m × 3.0 m in size and have approx. 5
mm of space between them, the ferrofluid, in the power-off state (no electrical current, no magnetic
field generated) would form a non-light permeable spandrel at the bottom of the container that
is 600 mm in height. After applying electrical current, the transparent coils mounted on the glass
create a magnetic field and shape the ferrofluid.

Controlling the ferrofluid orientation with help of magnetic field is tested for astronomical lenses
and ferrofluid liquid seals. In both cases magnetic field can be used to control the motion of
ferrofluids, but the care have to be taken about the surface chemistry of the nanoparticles during
functionalization. Measures must be taken to prevent ferrofluid from losing its fluidic state and
particles gets separated from the liquid during application of the magnetic field.
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The proposal no 1. received negative feedback, because of the fact that surfactants used to coat
the ferrofluid particles are usually oily substances (such as oleic acid or lecithin). In result ferrofluids
are much more viscous than water. There is no doubt that the magnetic field density required to
manipulate the ferrofluid can be produced by transparent pancake-coils but the so-called drag force
might not be sufficiently strong to lift the ferrofluid from the bottom of the container as it would have
to overcome the gravity and viscous friction (Nam-rung et al 2006). In the case of the Ferrolic clock
mentioned above, large powerful electromagnets are used to perform this task and the process is
effective on a much smaller scale of 150-200 mm.
In response to the negative feedback of the original design, the compartments holding the ferrofluid
were reduced in size. This idea was explored in two separate proposals. The geometry of both
proposals must take into account the fact that the volume of the ferrofluid is constant.
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Fig. 1 Schematic diagram of the initial proposal no 1.

Fig. 2 Schematic diagram of proposal 2A. A) ferrofluid in the power-off state and power-on state B) axonomety of hexagonal
compartments.

The drawback of this solution is that compartments with the ferrofluid would become clearly visible
spots on the glass. Assuming that the ferrofluid takes up 20% of the entire volume, it would reduce
the glass transparency by 20% when powered off, or the glass would have an even 20% tint (e.g.
in a micro scale solution). Given that the average acuity of the human eye is roughly 1.2–1.8
arc minutes per line pair, the hexagonal cell would have to be smaller than 0,5 mm to remain
imperceptible from a distance of 2 m. Another possibility would be to mount a second transparent
coil on the other wall of the compartment. Such a solution would offer more options for the ferrofluid
to be attracted to either coil, thus allowing more light to pass or to be redirected, see Fig. 2.
4.3. Conceptual proposal no. 2B

4.2. Conceptual proposal no. 2A
Proposal no. 2A features smaller ferrofluid compartments evenly scattered between two panes of
transparent material (glass, acrylic), e.g. in a honeycomb pattern, which is perpendicular to the
surface of the pane, as in previous proposal. Such compartments could store smaller volumes of
the ferrofluid and would:

•
•

allow for a shorter reaction time as a result of smaller travel distances of the ferrofluid,
require lower values of magnetic field density for operation. The flow of the ferrofluid can be
regulated by means of switching the current on and off in transparent coils mounted on the internal
surface of one pane (on the internal wall of the compartment).
When powered off, the ferrofluid would sink to the bottom of the compartment, pulled by gravity,
whereas in the power-on state, the magnetic field generated by the transparent coil would arrange
the fluid into a rugged star with spikes (see Fig. 2). Such ferro fluid “stars” would block the light.
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The solution no. 2B is to form cuboid horizontal compartments for the ferrofluid, spanning the whole
width of the pane. In the power-off state the ferrofluid would form a flat layer, or “strip”, at the bottom
of each compartment (analogous to horizontal slats in venetian blinds but without mechanical
elements) letting the light through. In the power-on state, the ferrofluid would be attracted by coils
mounted along the width of the compartment wall (on both sides of the compartment) and would
form a vertical strip that blocks the light. Adjacent vertical strips would form a continuous blind. A
special controlling device would allow the current to be “switched on” in individual compartments,
e.g. every second or every third compartment, in order to gradually regulate light penetration, see
Fig. 3.
In prospective applications the coils that regulate the ferrofluid flow might be powered by lighttransmitting PV cells mounted on the external wall of the compartment.
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Fig. 3 Schematic diagram of the proposal 2B with two transparent coils. A) ferrofluid in the power-off state, B) ferrofluid in the
power-on state

5

Conclusions
The paper is a general review of the existing technologies of ferrofluid manipulation and outlines
the available solutions with respect to light controlling devices. In this work three designs were
compared. The original one received negative feedback while the other two proposals allow the
ferrofluid to be manipulated much more easily and at lower power consumption because smaller
volumes of the ferrofluid have to travel shorter distances.
This solution has potential for development and would benefit from experiments involving
transparent coils mounted on light-transmitting materials (e.g. glass, acrylic) as well as the study
of the behavior of smaller volumes of ferrofluid in order to determine the required magnetic field
density. Based on the data presented in this paper it can be concluded that the application of
ferrofluid in light-regulation devices is theoretically possible but require further research and
prototyping. It should be stressed that the use of a “fluid” requires any potential future application in
a façade to guarantee the proper temperature of operation. This could be achieved, for example, by
mounting a ferrofluid-based instantly-reacting shading device behind insulated glass units.
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Experimental Tests
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The main concern of this research is to create links and interactive relationship between the design
process on the conceptual level, materialization and realization of geometrically complex form of
glass envelope. Based on established typology of complex form of building envelope in terms of
geometry, as well as individual glass panels according to generating mode and type of curvature,
different hypothetical models of materialization were created. The goal was to produce geometrically
diverse but optimally balanced design solutions of surface panelization with respect to (similarity of)
the original design idea, and in relation to the transparency of the glass surface, simplicity of nodal
connection, shaping technology, use of material and costs. Based on defined goal, ten hypothetical
models are created - models of different design variants of glass envelope regarding geometry and
glass panels size, as well as different geometries of the entire envelope surface. As well, in terms
of materialization of glass panels, the commonly used glazing variants are adopted. Parameters of
geometrical features that vary according to models refer to the individual panels and include: panel
shape, curvature of the panel surface, form of the panel edges and panel size. In order to evaluate
technological and economic features of the different models, the following criteria are established:
curved glass shaping technique and material efficiency (technological criteria); hard costs/m2 and
total investment costs of glass envelope (economic criteria). Finally, ranking of hypothetical models is
done according to obtained results. The aim of this study is to establish the methodological approach
to realization of geometrically complex form of glass envelopes in order selection of aesthetically
satisfying and economically acceptable solutions.

Keywords: curved glass, structural glass, geometrically complex form of building envelope,
materialization, Serbia

1

Introduction
Architectural structures of curvilinear forms set new requirements for application of curved and
flat glass as an element of geometrically complex envelope of architectural structures. At first
glance, the application of curved glass provides an exceptional freedom in the design of modern
wavy shape, but set of constraints arises when it comes to the aspect of design, manufacture,
use, performance and economy. Characteristics such as radius of curvature, minimum and
maximum dimensions of the glass element, local regulations, available coatings, optical quality,
and selection of the glass types significantly affect the final glass product. Concerning geometry
of the glass envelope surface, today, there are no limitations in the process of their modeling.
In fact, architectural practice continuously has followed the development of the geometry, and
many architectural trends were inspired by the latest developments in this field. The word ‘free
form’ says it is possible to create new forms, if the architects and designers are familiar with the
geometry of basic geometrical forms, as well as with all elements of geometry. However there
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are problems in the practical fabrication of the geometrically complex shapes, because unlike the
abstract geometric forms, construction elements have physical characteristics that prevent the
creation of any geometry (Kosić 2016). This is especially emphasized in the case of glass that
is brittle and easily breakable material and therefore unable to produce in all shapes and sizes.
Therefore, the design of a geometrically complex form of glass envelope is a compromise between
different needs: fulfilment of design performance requirements, simpler production method, cost
savings. More often, the relation between shape and fabrication poses new challenges and
requires more sophistication from the underlying geometry (Liu et al. 2008). As a consequence,
numerous architects have returned to being highly engaged in the fabrication process to ensure
the design intent is carried through into the making (Dunn 2012). As well, the selection of glass
envelope technologies is frequently a compromise between the intent of the architect, fabrication,
shipping limitations and the project budget. Particularly, frequently different free form glass
envelope typologies are compared by taking into account mostly geometrical properties and
neglecting economic evaluation. Therefore, the necessity of a comprehensive method to calculate
and compare economic and technological performance of different investment savings options
for glass envelopes has arisen. In this work, the cost analysis method is applied to assess the
overall economic and technology feasibility of different types of glass envelope technologies. The
aim of this research is to apply this methodology in order to optimize the choice of free form glass
envelope that minimizes the hard cost due to glass construction while complies with the optimal
level of design requirements.

Fig. 1a) and b) Appearance of glass facade of the residential building Infinity.

The complex geometry is performed by curvilinear surface envelope produced by conversion
of double-curved into ruled surfaces, which are generated by linear interpolation between two
curves (Pottman et al. 2007). Not standardized single-curvature glass panels were produced at
not very reasonable cost using all different concave and convex molds. This glass complexity is
counterbalanced by the design of universal steel supporting system which is compatible with glass
geometry contributing to the simplicity of the detail. Dimensions of glass facade panels are 980 mm
x 1080 mm.

Research practice

2.2.

This paper shows the comparison of ten different building glass envelope designs and technologies
(that are the same materialization) of a residence building case study in terms of the cost analysis.
The technological performance was evaluated following application of either flat glass or one of
the five types of curved glass production methods proposed by Guidance for European Structural
Design of Glass Components (Feldman et al. 2014). The economic evaluation was carried out
following the investment cost calculation. The costs of the glass construction (taking into account
materials and production) were acquired from the real offer prices of two largest Serbian curved
glass manufactures. Finally, the relationship between construction costs and shaping technique is
evaluated to define the economic effectiveness of each adopted design model of the geometrically
complex glass envelope.
2.1.

Case study (Real-world model)

Real-world freeform glass facade, proposed as a case study, is smart and energy-efficient
residence building Infinity, located in city center of Belgrade. It is freely waves-shaped glass
facade consisting of 238 geometrically different elements, as shown in Fig. 1a) and b). The glass
elements are supported by load bearing steel structure behind the glass surface. According to the
project team, the building design was inspired by water, which shaped the position, life and soul of
Belgrade.

Geometry of created hypothetical models

The advanced geometry and technical possibilities are the basis for development of freelydevelopable surfaces. The fact is that the highest surface quality that can produce a perfectly
smooth solution can be achieved using double curved panels. On the other side the most costefficient way to realize a freeform surface with glass is to use planar panels. The basis for creation
of different models is free-form geometry of the real-world glass facade surface modeled with a
commercially available modeling package, in this case, Rhinoceros 4D. The dimensions of the
facade that fit to the existing building have been adopted for all models. Furthermore, the achieved
surface curvature of all models is optimally balanced, respecting the similarity to the original model,
i.e. the existing facade. Parameters of geometric characteristics that vary by models refer to
individual panels and include:

•
•
•
•

Panel shape (rectangular and triangular),
Curvature of the panel surface (flat, single curved and double curved),
Shape of the panel edge (all edges are flat, two straight and two curved edges and all curved
edges), and
Panel size (two adopted panel sizes in the case of rectangular and triangular panels).
For models, the most commonly used panel shapes of geometrically complex forms have been
selected, including triangles and rectangles. Triangular shape of the panel allows simple modeling
of the glass envelope given that their surface is always flat, while rectangular panelization creates
nodes that are more constructively stable and allows application of curved glass.
The diversity of applied panels in terms of curvature implies flat, single and double curved panels.
Flat panels are with straight edges which enable their easier matching, while in single curved
panels (vertical and horizontal torsa) the two edges are flat and two are curved lines making more
complex their fitting. In addition, the type of panel geometry - hypar (hyperbolic paraboloid) is
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According to previously defined parameters, the following models are proposed (Fig. 2a-j) with
purpose to adapt feasibility of a specified geometry of glass panels to appropriate technological
process of curved glass production.

Experimental Tests

introduced, whose surface is double curved, while the edges are straight due to double curved
surface has been cut through asymptotic curves.
Two variants of panel size were adopted. In the case of quadrilateral panelization, the first variant
corresponds to the dimensions of the panel of the existing envelope. The second adopted panel
size has one dominant dimension - height which fits storey height. As well, in the case of triangular
panelization, the first variant implies equilateral triangles, while the other is created by triangular
refracting surfaces.

2.3.

Materialization

For materialization of adopted hypothetical models, the basic quality of glass - float glass, without
coating and of appropriate thickness which is directly dependent on the geometry and the size of
the panel, was selected. Three types of glazing, which are most commonly used depending on the
place of application, are introduced according to complexity of the basic glazing element:

•
•
•
3

Single glazing using laminated glass for materialization of non-thermal envelope, such as double
facade in the case study. Laminated glass is selected meeting Serbian standards.
Double glazing - IGU option using laminated panes of glass and one single glass pane (separated
by air) for cladding. Laminated glass is selected for the external glass meeting Serbian standards.
Double glazing - IGU option using two laminated panes of glass separated by air for cladding.
Laminated glass is selected for the external glass meeting Serbian standards, as well as for inner
glass when necessary (special requirements arising from the use of facility).

Evaluation methods
In order to evaluate the performances of the different glass envelope technologies, the adopted
methodology is broken down into the following steps related to technology and economic aspects
and criteria for the analysis:

•
Fig. 2a), b), c), d) and e) Models of geometrically complex forms of the glass envelope (small-size panelization).

•

Technological evaluation criteria:
a Curved glass shaping technique, and
b Material efficiency.
Economic evaluation criteria:
c Hard costs/m2 due to glass envelope construction, and
d Total investment costs of entire glass envelope surface area.
Both groups of criteria are in direct correlation. Thus, a shaping technique that involves a less
complex process (less time, labor and energy), implies a lower investment cost, both per m2 and
entire envelope. As well, material wastage, which is not related to the glass shaping technique,
directly affects the cost.
3.1.

Fig. 2f), g), h), i) and j) Models of geometrically complex forms of the glass envelope (large-size panelization).

Geometrical features of ten models regarding glass panel dimensions and envelope surface,
number of panels, and type of panel edges are presented in the Table 1.

Technological performance evaluation

The evaluation of technological characteristics for the ten variants of the case study is carried out
concerning production method and material efficiency. For each model, the appropriate shaping
technique was adopted in relation to panel geometry and availability of production methods in
Serbia (Table 2). In the case of single curved panels in horizontal and vertical direction - Torsa
models (Model 2, 3, 6, and 7), three possible shaping techniques are proposed. The first technique
– thermal bending by mold, which was applied in case of real-world model, is available by only two
curved glass manufacturers ‘Konkav Konveks’ and ‘Pavle’. Another technique adopted to create
single curved panels of small curvature is cold bending which has not been known in Serbia, so
far. The third adopted technique considered being suitable for Torsa geometry is thermal bending
on the production line, but due to production availability of only one manufacturer (‘Beokom’) it was
not possible to obtain the necessary data for further analysis. The appropriate technique for twisted
geometry of the Hypar models is cold bending due to the small curvature and straight edges.
According to above stated, the order of proposed techniques has been selected (Table 2).

Table 1: Geometrical features of ten models of different glass envelope geometries.
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The shaping techniques and material efficiency will be given a number between 1 and 5 in each of
the mentioned categories. The used convention implies 1 for poor performance (shaping technique
requires the most labor, time and energy; minimum material-efficiency) and implies 5 for excellent
performance (additional shaping is not necessary; maximum material-efficiency).

Experimental Tests

Material efficiency is the percentage of material used after cutting the elements within the standard
glass pane (321 x 600 cm), as shown in the case of panel cutting in the form of equilateral triangles
(Fig. 3).

•

•

•

Regarding material efficiency, the best characteristics show models with rectangular panels of
small-size panelization (Ref. Model 1, Model 2, 3, and 4) using the largest part of the standard
glass pane. Slightly worse features show model with Triangular refracting surface (Model 5), as
well as model with equilateral triangles (Model 1) which imply greater material wastage. The worst
characteristics show models with rectangular panels of large-size panelization (Ref. Model 2, Model
6, 7, and 8) since only one panel can be obtained from the standard glass pane due to its size.
The best overall quality of technological characteristics show Hypar model of small-size
panelization (Model 4) as well model with large refracting triangles (Model 5). As well, similarly are
rated the models with single curved smaller panels (Model 2 and 3) which can also be shaped by
cold bending.
In terms of production availability in Serbia, due to limited dimensions of the thermal bending
furnace, the largest panels can not be produced. Large panels of Hypar geometry (Model 8), as
well as single curved panels (Model 6 and 7) are possible to shape by a cold bending technique,
since their geometry it allows (considering small curvature, at least two straight edges and forced
deformation – deviation from the plane) (Еekhout and Staaks 2012; Fildhuth and Knippers 2011;
Rogers 2014).

Fig. 3 Scheme of panel cutting in the form of equilateral triangles of the edge of 207 cm within the standard glass panel (321 x
600 cm).

3.2.

An overview of the quantified estimate of different models of geometrically complex glass envelope
in relation to the selected technological criteria is given in Table 2.

The economic evaluation was carried out following investment costs calculation. The starting point
for the evaluation of economic aspects is the quantification of the partial and total costs according
to the individual constructions of the glass envelope related to the appropriate glass shaping
technique that corresponds to geometry of the glass panels. The result is the determination of the
corresponding economic features of the glass envelope i.e. the ranking of hypothetical models. The
evaluation can be used for the following considerations:

•
•
•

Economic evaluation

To evaluate economic performance of an overall design of the glass envelope (e.g. trade-off
between aesthetical requirements and cost efficiency of technological process);
To compare different solutions of glass shaping options in building envelopes,
To assess the effect of possible cost savings, by cold bending techniques vs. hot bending that, in
addition to more labor and time, needed necessary amount of the primary energy for curved glass
production.
Concerning costs, each created hypothetical model has been assigned the appropriate technology
and a selected type of glazing. Basic characteristics of adopted criteria and thus method of
evaluation include:

•
Table 2: Quantified estimates of different models of geometrically complex glass envelope based on selected technological
criteria.

Based on the evaluation, some general considerations can be drawn from these results:

•
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In terms of production method, apart from the models with flat panels (Model 1 and 5), the best
quality show the Hypar models (Model 4 and 8) which panels can be shaped by cold bending - a
method that does not require manufacturing process. As well, Torsa models with single curved
panels (Model 2, 3, 6, and 7) can be shaped in the same way.

•

Hard costs/m2 of glass envelope corresponding with the type of panelization, dimensions and
geometry of individual panels, as well as the method of production and processing including curved
glass forming techniques. The costs comprising the processing of flat glass (cutting and edges
processing) and shaping of curved glass converted to m2, without costs for delivery and assembly.
Generally, it could be taken into the consideration that the assembly increases the cost by 20-30%.
In addition, the reason is that cold bending, assumed as a part of assembly, has not been taken into
consideration due to inability to calculate costs (unknown technique in Serbia, so far).
Creation of the Total investment costs proceeds according to the form of the envelope and its
associated surface.
The hard costs/m2 and total costs for various models of glass envelopes and selected glazing
types, as well as ranking of models are shown in Fig. 4a) and b). All costs are in EUR and come
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from the real offer prices of two individual manufacturers of glass facade constructions and
materials (‘Konkav Konveks’ and ‘Pavle’ - potential contractors).

From this analysis the following observation can be made:

•

•

•
Fig. 4a) Ranking of various models of glass envelopes in relation to the hard costs/m2 of glass construction.

•

Fig. 4b) Ranking of various models of glass envelopes in relation to the total investment costs of glass construction.

4

The difference in the costs saving potential by the application of flat glass panels in the model
with equilateral triangles (Model 1) compared to the model with triangular refracting surfaces
(Model 5) is negligible, even though greater material waste and number of panel cuts in case of
Model 1. Furthermore, it is noticed that significant savings can be achieved in the flat glass panels
application, while respecting the original form (more pronounced in Model 5), and that on the
average a 69-81% (relative to single curved panels - Model 2 and 3) and a 72-83% (relative to
double curved panels - Reference Model 1) in the case of small-size panelization, as well as on
the average a 85-91% (relative to single curved panels - Model 6 and 7) and a 86-95% (relative to
double curved panels - Reference Model 2) in the case of large- size panelization.
As single curved panels are placed in horizontal and vertical direction in the case of Model 2 and
Model 3, as well as in Model 6 and Model 7, only the difference in costs regarding the size of the
panels is perceived. The significant difference between these models is noticed in respect to the
perception of the envelope shape (part of the wider research). Concerning application of single
curved panels in relation to double curved, on the average a 30% reduction of costs could be
achieved in the case of small-size panelization (Model 2 and 3 in relation to Reference Model 1),
while further on the average a 40% could be saved in the case of large-size panelization (Model 6
and 7 in relation to Reference Model 2).
Comparing in Table 2 and ranking in Figures 4a) and b) the various hypothetical models of glass
envelopes it is evident that the best overall quality of the technological and economic features
shows the Hypar model with small-size panelization (Model 4). This is due to the fact that the
most important savings can be achieved by using cold bending technology for glass bending in
hypar form (Model 4 and 8), on the average a 78-89% (relative to single curved panels – Model 2
and 3) and a 80-90% (relative to double curved panels - Reference Model 1) in the case of smallsize panelization, i.e. on the average a 78- 89% (relative to single curved panels - Model 6 and
7) and a 80-93% (relative to double curved panels - Reference Model 2) in the case of large-size
panelization. In addition, by optimization (approximation) of the envelope surface (Model 4) it is
possible to achieve a certain number of flat panels (Fig. 2e). The highest savings, of the almost a
97% is achieved by application of small cold bending panels (Model 4) in relation to large double
curved hot bended panels (Reference Model 2).
The costs saving potential by the application of cold bending glass panels in the most economical
Hypar model (Model 4) compared to the model with double curved hot bended panels in the case
of small-size panelization (Reference Model 1) is significant and amounts up to 88%, while in the
Hypar model of large-size panelization (Model 8) compared to the model with double curved hot
bended panels (Reference Model 2) amounts even up to 93%. Furthermore, a significant difference
in costs is noticed between the small-size and large-size panelization, from nearly double (‘Konkav
Konveks’), up to more than triple (‘Pavle’), both in single and doubled curved panels. Generally,
there is a significant difference in costs between two manufacturers of curved glass processing.
This is due to the fact that the curved glass technologies not have wider application in construction
practice, yet.

Discussion of the results and conclusion
A study of hypothetical models has shown that certain geometries of glass envelopes can
be achieved in a simpler way by application of geometric principles in combination with good
understanding of the glass characteristics and shaping techniques. These principles enable visual
effects of double curved glass surfaces, but at the same time are sustainable in terms of design,
technology and cost, implying the coherence between geometry, construction and production. The
basic conclusions of the research can be expressed in several ways:
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•

•

The principle of creating different (optimal) models of the design and technology solutions of
geometrically complex glass envelopes can be applied adequately in practice. A model variants with
flat and curved glass panels is offered, following the modern design guidelines based on defined
typologies of glass panels according to geometry (surface generating mode) and curvature type as
well as different shaping technique, further establishing the methodological approach to problem of
their realization.
Curved glass shaping technique by cold bending, which has not been known in Serbia so far, is a
solution that matches the physical characteristics of the glass, while contributing to the economic
efficiency, preventing the visual problems of the glass surface and the possibility of using most
coatings and films. With cold bending it i1051s possible to design glass panel models presented by
the geometry of ‘hypar’ and ‘torsa’. It is also possible to achieve savings in the production process
up to 88% in the case of small-size panelization and even up to 93% in the case of large-size
panelization (in Serbian conditions),
The estimation of different visual and technological solutions and the selection of aesthetically
satisfying and economically acceptable solutions of curved envelopes models are enabled by
establishing the evaluation methods.

Experimental Tests

•

- Support to the implementation, harmonization and further development of the Eurocode (Scientific and Policy Report by the
Joint Research Centre of the European Commission). Publications Office of the European Union, Luxembourg (2014)
Fildhuth, T. and Knippers, J. Double Curved Glass Shells from Cold Bent Glass Laminates. Proceedings of Glass Performance
Days Conference. https://www.academia.edu/26070318/Double_Curved_Glass_Shells_from_Cold_Bent_Glass_Laminates
(2011). Accessed 1
December 2014
Kosić, T.: Application of glass in materialization of geometrically complex form of building envelopes. Faculty of Architecture,
Belgrade University, Belgrade (2016)
Liu, Y., Pottman, H., Wallner, J., Yang, Y., Wang, W.: Geometric Modeling with Conical Meshes and Developable Surfaces. ACM
Transactions on Graphics. 25/3, 681-689 (2006)
Pottman, H., Asperl, A., Hofer, M., Kilian, A.: Architectural Geometry. Bentley Institute Press, Exton, Pennsylvania, USA (2007)
Rogers, E.: From Design to Testing to Installation, Experts Weigh in on Cold-Formed Glass. Industry Glass. http://www.glass.
com/USGlass/2014/March/ColdPlay_Feature.htm (2014). Accessed 12 December 2014

Future research will include application of method of multi-criteria compromise ranking of alternative
solutions in order to choose the optimal variant solution of a geometrically complex glass envelope.
This method is suitable in the case of multiple heterogeneous criteria (presented in the wider
study), which are often mutually oppossed, and a number of alternatives – variant solutions. The
goal of optimization is to select the best variant solution in terms of adopted criteria and defined
limits.
The methodology and results of the evaluation of different hypothetical models of geometrically
complex forms of the glass building envelope can contribute to development of the practice of
curved glass application and the design methodology of geometrically complex forms of glass
buildings.
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The increasing migration into cities leads to an increasing number of people stressed by noise.
More and more people are moving into urban settings comprised of multiple noise sources and hard
reflective glass and steel facades. The omnidirectional arrangement of noise sources like airborne
noise or car traffic noise and their reflection on the facades neither composes urban arrangements
with silent indoor areas nor comfortable quiet areas outdoor. To come up with requirements for silent
areas inside and outside of buildings further design parameters have to be introduced. The facade is
not only a shelter for the inside. It can also provide comfort spaces outside the building. As engineers
and architects we cannot change the noise source, but we can influence the impact on the surrounding
urban space by controlling the reflection of noise emissions on the urban surfaces like facades. In a
facade design the capability of reflecting noise can be tuned by modifying the surface. In order to come
up with the acoustical needs no radical new way of facade design has to be introduced. Mainly a shift
of attention to the acoustic parameters is needed. Based on acoustic measurements of basic geometry
principles this research presents known facade designs and their acoustic parameters regarding the
reflection capabilities and the functions in a facade.

Keywords: Façade design, parameter, acoustics, urban, noise source, reflection, noise.

1

Introduction
The silhouettes of metropolitan areas are characterized by a high density of skyscraper facades
made of glass, metal or stone. On the one hand, this high skyscraper density, which can be seen
in Figure 1, stands for economic power, growth and work. On the other hand, these reverberant
façade surfaces in urban space are responsible for increasing noise levels in their direct
surroundings. In an urban development situation with reverberant façade surfaces, the most
common source of noise by road traffic is increasingly perceptible.

Fig. 1 High rises with hard reflecting glass facades around an inner city park of Frankfurt
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The processes in the growing metropolises that confront the architecture with tasks that it can not
solve with the help of its own tools. Since re-densification in metropolises usually relies on areas of
former industrial and commercial spaces, these are subject to increased noise emissions. Figure
2 shows a typical situation of a secondary consolidation project, using the example “Bürostadt
Niederrad” in Frankfurt.

Fig. 3 Acoustical reflection principle

The effect of increasing the level by reflection on reverberant surfaces has been researched in
acoustics for a long time. Scientific articles of the last 50 years were evaluated in a literature study
by the authors (Krimm, Techen, Knaack, 2017 and Krimm 2018). It can be concluded from the study
that intervention in the urban scale bear nearly the same potential as interventions in a building
scale. The potential of the interventions ranges from maximum 10 dB level change in the urban
planning scope to 12 dB in the building planning scope. In architecture, on the other hand, the topic
of the reflection of noise on reverberant facades has so far received no attention. This status quo in
urban spaces was used in several research projects at the Frankfurt University of Applied Sciences
to deal with the topic of the façade and its acoustic qualities. In the course of the ongoing research,
numerous field measurements were carried out in cooperation with the „Office for environmental
affairs“ of the City of Frankfurt in order to record the effect of the acoustic reflection behavior
of facades in urban space and to develop acoustically effective design parameters for façade
surfaces.

Fig. 2 Location of noise sources around the conversion area “Bürostadt Niederrad” in Frankfurt

Around the former commercial area are several traffic routes. The traffic noise sources such as
road, rail and aircraft noise affect the area from different directions. Here the situation further
exacerbated by aircraft noise since this type of noise generally acts from above on the urban
space. In such characterized areas, the architecture is at its end with its general design tools. So
the principle of the arrangement of the bedrooms on the quiet side of a building is only possible if
there is still a quiet side. A quiet courtyard is affected by the influence of aircraft noise from above.
The only option that is considered here is usually the use of highly sound-insulated facades and
window constructions. However, such soundproof constructions generally prevent direct contact
with the outside area.

2

3

Project Study: Refurbishment of an Office Building
This study of a former office building in the “Bürostadt Niederrad” shows the necessary steps in
the facade design process with a focus on special acoustic effects. Figure 4 shows how close the
approach route to Frankfurt Airport passes the building. The 100 m long, 8-storey high building is
almost perpendicular to this approach route. For the vacant object a conversion was intended into
an apartment building. In order to come along with the trend towards acoustic hard surfaces in
architecture, only the influence of altered facade geometries was investigated in this study.

Facades as a Noise Modulator in Urban Space
The direct sound and the sound reflecting off the façade surface add up in the urban space. The
reflection of a direct signal from a noise source on a reverberant surface increases the measured
level at the location of the receiver by up to 3 dB. This level increase is generated by the addition of
incoming direct sound and reflected sound. A special arrangement of several reverberant surfaces
makes this effect even more powerful. This phenomenon, as shown schematically in Figure 3, is
well known.
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Fig. 4 Former office building in “Bürostadt Niederrad”, Frankfurt

3.1.

Design Basics

On-site inspections and noise measurements are imperative, as they can provide data on the time
response of noise sources and the direction of their impact on to the building. Noise mapping data
sources can only show tendencies in this context. They hardly provide acoustical information’s for
a detailed facade planning. This is partly due to the coarse resolution of the 10m grid, which makes
it very imprecise to detect the direction of noise. On the other hand, reflection parameters used
in noise mapping models are strongly location-dependent and lead to strong fluctuations in the
resulting noise levels. Furthermore, the places of acoustic interest must be defined for the planned
outdoor use. A higher quality of outdoor places can be for e.g. a coffee, playground or rest areas. In
this case, such an outdoor place with higher acoustical demands was intended for the east side oft
he building. In Figure 5 this position is marked at the measuring point “EAST 2”.
3.2.

Fig. 5 Level-time curves of the 6 receiver positions / measuring points around the building

3.3.

Façade Design

In this step, the first façade design variations are developed, which offer different facade geometries
and structures from flat, reverberant facades. In the context of this study, a curtain-wall facade with
story-high, folded glass surfaces was proposed, which effects by its geometry a different reflection
direction. The differently inclined façade surfaces are shown in Figure 6.

On-Site Measurement

In the on-site measurements, several receiver positions must always be measured simultaneously
in order to be able to read the influence of the facade from the comparison of the level-time curves.
Figure 5 shows the measurement values for a typical flyby. Significantly the differences in the leveltime curves for the different sides of the building can be seen. The measurements show a level
difference of about 5 dB between east and west side of the building. The level-time curves with a
lower peak measured on the west side indicate that the passing aircraft is audible over a longer
period of time.

Fig. 6 Perspective of the facade design

3.4.

Laboratory Tests for Façade Modifications

Since it is rarely possible to test façade alternatives on site on a scale of 1: 1, model studies are
necessary for this step. With the scaled acoustic measurement method, models can be acoustically
measured in scales from 1:10 to 1:100. In cooperation with the “Federal Highway Research
Institute“ (BAST) the scaled measurements were carried out in the Laboratory for Acoustic
Measurement Technology. For the scaled measurement, the dimensions of the buildings as well as
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the occurring sound wavelengths were scaled with the same scale factor. The floor plan and the
arrangement of the measuring points of the on-site measurement serve as a basis for the scaled
model structure in the measuring laboratory (Techen, Krimm, Knaack 2016). Due to the very high
frequencies that are required for the measurement and the limitation by the measuring room, the
traffic noise spectrum can only be reproduced up to 2,000 Hz. For the scale 1: 100, the traffic noise
with a frequency range of 100 Hz to 2,000 Hz is scaled for the measurement to a frequency range
of 10,000 Hz to 200,000 Hz. The moving noise source is replaced in the laboratory by a moving
pneumatic generator and a high-frequency loudspeaker. By comparing the measurement results
of the smooth façade with the measured values of a façade modification, statements can be made
about the change in the noise input at the measuring points. The potential for noise input in the
outdoor area, which can be achieved through a change in geometry, is shown in Figure 7 for the
façade presented here. The largest level reduction is achieved at the measuring point “EAST 2”, for
which an outdoor café is planned.

The level change shown here occurs in the frequency bands from 400 Hz. The level reduction at
the measuring point “EAST 2” would ensure that aircraft noise events would not only be perceived
as quieter but also as less disturbing.

4

Case Studies - Facade Surfaces
An alternative to changing the reflectivity of reverberant cladding surfaces is the introduction of
absorbent material properties or internal geometries.
4.1.

Facade absorber

The introduction of absorbent materials is not easy for a variety of reasons. Thus, most known
absorbent materials are open-pored. This means that they do not have a closed surface, which
meets the architectural desire for a slightly closed, less polluting and sufficiently resistant surface.
An exception here is a special form of a green facade. This fully façade integrated revegetation,
using substrate mats are from the acoustical point of view highly absorbent surfaces. Among others
the effect of vertical greenery for acoustic purposes was investigated in numerical simulations by
Smyrnova, Kang, Hornikx, Forssén (2012) or in case studies by Wong et al. (2010).

Fig. 7 Perspective of the facade design

The level changes shown here for the folded façade surface clearly show the need to always
consider all measuring points. Thus, the folded façade reduces the level by up to -1.7 dB at four
measuring points, but in two measuring points the level increases by up to 0.9 dB. For the facade
construction, it is therefore imperative that these must be individually tailored to the places with
defined outdoor use. The frequency curve shown in Figure 8 shows the level change per frequency
band at the measuring point “EAST 2”.

Fig. 9 Detail of the Green Façade at the Frankfurt University of Applied Sciences

The full façade integrated revegetation of 90DEGREEN® meets the requirements of a flat absorber.
In order to determine the acoustic potentials of this system, a mock-up was installed in cooperation
with the manufacturer on a busy inner-city street in at the Frankfurt University of Applied
Sciences. The road traffic noise was measured in front of the green facade at time intervals with
approximately constant resulting noise levels. The first measurement was made before the wall was
attached. After establishment of the green facade, measurements were carried out without planting
and subsequently with fresh planting. With more vegetation, another measurement was taken to
get information about the influence of the density of the vegetation.

Fig. 8 Frequency response for the change in the noise input during a flyby at the measuring point “EAST 2”

The difference in the individual frequency bands makes it clear that single values are not sufficient
to describe the acoustic effect of a facade. Decisive for a acoustical effect of the facade are level
changes in the range of the highly sensitive hearing range of humans between 500 Hz to 4,000 Hz.
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From the locally measured traffic noise levels a noise reduction potential of -3 dB can be derived. In
a frequency range of 100 Hz to 3,000 Hz, the measured level reduction remains in the range of -2.5
dB to -3.2 dB. The measurements with more or less vegetation show only very small differences.
This means that in the case of using a green facade as a surface absorber, the substrate material
decides the acoustic quality and not the planting. In order to use green façade systems acoustically
effectively, system selection is crucial. The vertical green façade principle presented here, offers
ideal absorber properties due to the full-surface coverage of the façade surface with absorbent
materials. The green facade not only helps to improve the acoustic situation, it is also able to bind
fine dust and to positively influence the urban climate by increasing the humidity in its environment.
4.2.

Strategies for Design

Fig. 10 a) Existing building b) Installation of substrate surface c) Green facade with fresh vegetation

of the frequency to be influenced. Many such structures are currently being installed, but without
taking the acoustic effect into account. The surfaces in Figure 12 and Figure 13 show examples
from current architectural façade designs.

Fig. 12 Heavily textured surface of a suspended stone element
Fig. 13 Creation of a highly structured surface through vacancies in the closed clinker wall dressing

5

Summary
The listed case studies show opportunities to reduce the noise input into the urban space by the
facade. The study presented here of a folded reverberant facade surface clarifies that projects with
acoustically effective facades must be designed differently.

•
•
•
•

Absorption through a highly structured surface geometry

As an alternative to a surface-bound vertical greening strongly structured surfaces can be used.
Picaut & Simon investigated that to some extent, an absorption effect can be represented by these
highly structured surfaces. (Picaut, Simon, 2001). In such surfaces, the sound field is deprived of
energy by multiple reflections on many differently angled inner surfaces. Figure 11 shows a study of
a precast concrete element with cuboids of 4 x 4 cm.

As a basis for this, sites have to be considered acoustically by on-site measurements
Places with special acoustic qualities and demands must be defined
It is always necessary to find individual solutions for individual locations.
The effects achieved must always be considered for individual frequency bands in the highly
sensitive human hearing range from 400 Hz to 4,000 Hz
A quieter city is possible!
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Fig. 11 Heavily textured surface of a prefabricated concrete façade element

The expected effect here is about a level reduction of -1.5 dB. The frequency of the level reduction
is dependent on the size of the cuboid. The “grin-grid” should be on the order of the wavelength
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A Redesign Procedure to Manufacture
Adaptive Façades with Standard Products
Bahar Basarir 1, M. Cem Altun 2
1 Graduate School of Science Engineering and Technology, Istanbul Technical University, Turkey, baharbasarir@gmail.com
2 Department of Architecture, Istanbul Technical University, Turkey, altunce@itu.edu.tr

Although their potential for high environmental performance is largely accepted, adaptive façades
have not yet become widespread in practice. Most of the current examples are developed by
engineer-to-order design processes, as project-oriented, custom, and complex solutions. More simple
and reliable solutions are needed to support the reuse of technical solutions between projects and
increase the feasibility of adaptive façades. Therefore, this research aims to develop a procedure
to design adaptive façades whose parts are based on engineered standard products with the least
number of parts and layers. The research is initiated through the generation of concepts for designing
adaptive façades to be manufactured using standard products. From several concepts, ‘redesigning
dynamic adaptive façades’ has been selected for further investigation, as it pursues the goals for a
solution determined for this research. A preliminary case study is conducted to redesign an adaptive
façade to be manufactured with standard products. Its process steps are captured and analysed, and
the steps that need improvement are revealed. To systematise and improve the captured redesign
process, façade design and product design methodologies are analysed in the context of adaptive
façade design. Redesign and reverse engineering processes used in product design are adapted and
merged with façade and adaptive façade design processes, and a 5-phase adaptive façade redesign
procedure is outlined. Each phase is developed based on mature tools and methods used in product
and façade design. An iterative loop of development, application test, and review process is carried
out for development of the process steps. Thus, a redesign procedure is generated by the combined
application of DFMA and TRIZ in the synthesis of reverse engineering and redesign processes.
Consequently, the application of the redesign procedure is demonstrated through a case study. The
case study revealed that the procedure has the ability to generate a façade redesign that has a higher
constructability index than the reference façade.

Keywords: adaptive façade, constructability, redesign, standard product, reverse engineering,
DFMA
Full paper available in the Journal of Facade Design and Engineering, Vol 6 No 3 (2018): Special
Issue FAÇADE 2018 – Adaptive!
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Designing Adaptive Facades with a new
holistic Eco-Design Approach
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Implementing the Eco-designed approach in the field of adaptive façade systems, primarily aims for
the future sustainable targets to develop eco-friendly and socio-responsive technologies. This will be
only possible when the adaptive façade systems track design strategies endeavouring to imitate the
philosophy of “the self-sufficient unit in the nature called eco-system.” With the understanding of the
future sustainable targets of adaptive systems and analysing its sustainably efficient elements with the
help of already existing and scattered classification schemes from the data base developed within the
work of the Cost Action TU 1403 Adaptive Façade Network (AFN), this approach attempts to develop
a novel matrix for re-analysing these adaptive façade projects with an eco-design approach. The aim
of this approach is to examine whether these adaptive façade projects from the data base are able to
seamlessly integrate themselves in this approach and to what extent. The eco-design approach on the
basis of the contiguous natural environment (i.e. location and climate type), conceives the adaptive
façade projects as a unit-cell in the eco-system, which should naturally attempt to be a self-sufficient
unit. Understanding this approach, the various principles of the adaptive façade systems in the projects
from the database are analysed. This leads to characterizing the approach in a matrix of the biotic
components of eco-system (producers, consumers and decomposers) and abiotic components of ecosystem (air, soil, water, temperature, pressure, inorganic substances, etc.). These two components
work collectively due to the naturally occurring energy transfer principles in amidst, known as
conduction, indirect-solar, direct-solar and ventilation. The matrix also further characterizes the biotic
components into active and passive systems, in order to avoid any error in analysing both, the direct
and in-direct influences of the adaptive façade systems inside the project. The eco-design approach
attempts to thoroughly analyse the extent of integration of this approach in the field of adaptive façade
systems and to apprehend the further scope of research and development for the related industry.

Keywords: Ecological approach, eco-friendly, adaptive, active and passive design systems.

1

Introduction
Recent studies show that in developed countries people spend on an average 90% of their
time indoors (EU 2003). This trend reflects the exceptional requirement of a healthy indoor
environment, which in turn will help in ensuring larger prospect of society welfare. Statistics of
the countries represented at International Energy Agency (IEA), reveal that the ‘buildings’ peak
as the primary energy dissipater at around 40% of the total energy (IEA 2013). In this context, it
is of fundamental importance to devise strategies for the building stock that can be instrumental
in achieving the energy efficiency and climate change goals set by different countries (IEA 2012).
Building envelopes are positioned at the interface between exterior and interior, thus they have
a dominant impact on a building’s energy balance and can therefore play a large role in making
the transition towards sustainable, energy-neutral buildings (EU 2015, IEA 2013-2). Until recently,
the main focus of the building envelope design and development was on structural, passive and
robust performance aspects (Knaack 2007). However nowadays, it is increasingly recognized and

464

465

Within this context, the European initiative- COST Action TU1403 “Adaptive Facades Network (AFN
2014)” was commissioned in the framework of EU COST (European Cooperation in Science and
Technology). The main aim of this action plan is to harmonize, share and disseminate technological
research on adaptive facades at a European level. By harnessing this source of knowledge,
countries will contribute to the generation of new ideas and concepts at a fundamental and product/
system development level.

Abiotic Components:
Air, Water, Soil etc.

Strategies for Design

desirable to have a more flexibly behaving façade system, with “responsive, adaptive and dynamic”
as the key words in disposition (Heiselberg 2012, Schumacher et. al. 2010, Wigginton and
Harris 2002). Aiming to enhance the overall building performance, this next generation of façade
technology consists of multifunctional and highly adaptive systems; wherein the building envelope
possess the audacity to change its functions, features and behavior overtime in response to the
transient performance requirements and boundary conditions.

Fig. 1 One-way cycle of biotic components which function with the support of abiotic components and sun as source of energy

One of the goals of this initiative is to collect information about different types of existing adaptive
façades (materials, components and systems), aggregating them in a case study data base
and developing a detailed analysis. This process stretches boundaries in innovative solutions,
characterizing methods and approaches for the near future.
In accordance to the initiative, a novel and appealing characterizing perspective for the adaptive
façades termed as eco-design approach, is being proposed by the authors. With the understanding
of the sustainable targets in adaptive systems and analyzing the green elements in already existing
scattered classification schemes (from the data base of Cost Action TU 1403-Adaptive Façade
Network), this holistic approach is being proposed to design adaptive facades with a unified and
systematic characteristic. This approach is applied on some of the case studies at the Adaptive
Façade Network data base to analyze their existing effectiveness. The aim of this paper is to
examine whether the existing adaptive façade projects are able to seamlessly integrate themselves
in the Eco- design approach and if yes, to what extent.

2

Methodology of Eco-Design Approach
The basis of the Eco-designed approach relies in the use of ecological design principles and
strategies to design the built environment and the ways of life, keeping up the benign and seamless
integration with the natural environment including the biosphere (Yeang, 2006). As per eco-design
approach: the eco-system is a self- sufficient and independent unit in nature which includes the
living entities (plants, animals, decomposers) and the non-living environment (soil, air, water). This
system requires only the input of solar energy for its functioning. The main components of ecoSystem are classified as follows:

A

B

•
•
•
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Abiotic Components, the non-living environment: Consists of the physical environment in the form
of soil, water, air along with the inorganic substances like CO2, Nitrogen, O2, Water, Phosphorus,
Sulphur, Sodium, Potassium, Calcium, etc. Climatic factors like light, temperature, pressure and
humidity accompany it.
Biotic Components, the living environment (Fig.1): This consists of a community of inter-dependent
living organisms:
- Producers: Synthesize their own food. E.g. Plants.
- Consumers: Dependent on others for food. E.g. Human beings.
- Decomposers: Consume the waste remains and produce required raw material for the
producers.

The eco-design approach for adaptive façade systems replicates the same principle and believes
that the already acknowledged novel adaptive systems and principles implied in the projects should
be analyzed as a unit-cell in the eco-system, which naturally attempts to be self-sufficient and
follows the cycle of the eco-system as explained earlier in Fig 1. This leads to the characterization
of the following matrix:

•
•

Abiotic components of the adaptive façade: It consists of the supporting environment required for
the system to function seamlessly, this includes air, soil, water, temperature, pressure, inorganic
substances, etc., which evidently is governed by the climate and location of the project.
Biotic components of the adaptive facade: It consists of the novel ideas and approaches involved
in the adaptive façade system, which functions in tandem with the Abiotic components. However,
eco-design approach suggests further characterizing of its biotic components in order to analyze its
natural competency to be a self-sufficient component. These can be classified as follows:
• Competency as producers: To synthesize the adaptive façade system, either actively (E.g.
mechanized and computerized adaptive façade systems) or passively (E.g. vernacularly
adapted façade systems).
• Competency for consumers: To extract the benefits from the adaptive façade system for the
users, either actively or passively. (E.g. in the form of thermal or visual comfort).
• Competency as decomposers: In consuming the extracts from the façade system and
producing raw ingredients to support the adaptive façade system as an independent unit cell,
either actively or passively.
The abiotic and biotic components of the adaptive façade system work collectively due to the
naturally occurring principles of energy transfer within, termed as conduction, indirect-solar, directsolar and ventilation. This comprehensive description of the eco-design approach in adaptive
façade system has been created as a matrix and is shown below in Fig. 2.

*Where; Heat Flow: C = Conduction; S= Indirect Solar; DS= Direct Solar; V= Ventilation
Fig.2. Matrix developed for eco-design approach to design adaptive facades with a unified and systematic characterization.
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•
•
•

Analyzing –The case studies of the available adaptive façade elements.
Evaluating and refining - With respect to the previously investigated information on new approaches
and technologies.
Re-Analyzing - As per Eco-design approach where development of adaptive façade systems can
be improved with a holistic approach, leading to investigation and implementation of high-potential
innovative components, materials, control systems in the course of the action.
The following projects from the already existing data base, were sought for the analysis under this
new holistic approach:

A
B
C
D
E
F
G
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Consequently, the eco-design approach is applied to some of the existing case studies from the
Cost Action data base. Taking into account the main goal of the overall performance of the adaptive
façade system with respect to usability and acceptance by the users, the approach has been
classified into following objectives:

Oval Cologne Offices, Cologne, Germany (Albajar 2012)
Altra Sede Regione Lombardia, Milan, Italy (Renato 2010)
Campus Kolding, SDU University, Kolding, Denmark (Arch Daily 2015)
Allianz Headquarters, Wallisellen, Switzerland (Frearson2014, WAA 2017)
Media-TIC, Barcelona, Spain (Archi Travel online architecture guide 2013, Ruiz-Geli 2011)
KfW Westarkade, Frankfurt, Germany (Wainwright 2012)
WaMaFat - Switchable Insulation, Ludwigshafen, Germany (Thibault 2015)

Table 1: Eco-design matrix: Comparison of the selected projects under the eco-design approach, as presented in fig. 2

3

Results and further Developments
As per the Köppen Climate Classification System (Hans, C. 2007), the double skin adaptive
facades presented in projects a), c), d), f) fall under the same climatic type i.e. Cfb (Warm
temperate, fully humid, warm summer), supported with similar energy source (Direct & Indirect
Solar Radiation and Ventilation), evidently leading to similar abiotic components (i.e. the supporting
environment; Temperature, Wind, pressure).
Despite that, these 4 projects do not utilize the abiotic components correspondingly and efficiently,
as defined below in the Table 2. The resulting biotic components of the adaptive façades (i.e. the
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Table 2: Comparison of the abiotic components applied in the projects falling under the same Climate Type Cfb (Warm temperate, fully humid, warm summer) in the Eco-design matrix in Table 1.

Under the section biotic components in the eco-designed matrix, as shown in Table.1, the dissimilar
competency of the adaptive facades, evolved as a producer, is also effortlessly observable.
Likewise, its consequential impacts and efficiency of the adaptive façade system (as a self-sufficient
unit cell) with its active and passive results and involvement are furthermore divergent.
Under the section biotic components in the eco-designed matrix, as shown in Table.1, the
competency of the adaptive facades as a decomposer, shows the inefficiency of most of the
projects, in actively consuming the extracts from the façade system and producing back the raw
constituents to support it as an independent unit cell.
The adaptive façade projects b), e), g) in relation to the previously discussed projects, belong to
other different climate types. They share some similar abiotic components, resulting to comparable
competency as a producer, on the other hand resulting to completely different and novel concepts.
In this way, the eco-design approach can compile the vast and scattered information about the
adaptive façade systems under the same matrix. And it can aid to extract and analyze multiple
information at the same time.

4

Conclusion
In the framework of the European Initiative COST Action TU1403 “Adaptive Façade Network
(AFN2014)” a number of examples of adaptive façade elements (materials, components and
systems) were collected in a data base for developing a detailed analysis to support an increase in
innovative solutions, characterizing methods and approaches for the near future.
Some of these case studies were selected in order to test a new holistic approach for charactering
the adaptive façades, termed as, Eco-design approach. This approach generates the possibility
of channelizing the already existing, vast and scattered information on the adaptive facades. It
follows a qualitative methodology which can also lead to a quantitative analysis (in terms of energy
performance) for future developments and research.
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novel ideas and approaches of these adaptive façade system) although share a resemblance, but
when deeply analyzed, the projects c) and d) do not absorb the supporting natural environment
effectively.

5

Acknowledgements
This research paper is the outcome of the Short Term Scientific Mission (STSM) held under COST
Action TU 1403 in the year 2017. The authors would like to cordially thank the European Union and
COST for all the opportunities and support.

6

References
Adaptive Façade Network (AFN): EU COST-ACTION TU 1403 (2014). http://tu1403.eu/. Accessed 13 July 2017.
Albajar, B.: Colourful glass louvers on office in Colonia, S&H [212]. FILT3RS Design of windows Web. http://filt3rs.net/case/colourful-glass-louvers-office-colonia-sh-212 (2012). Accessed 17 July 2017.
Arch Daily: SDU Campus Kolding / Henning Larsen Architects. https://www.archdaily.com/590576/sdu-campus- kolding-henning-larsen-architects(2015). Accessed 18 July, 2017.
Archi Travel online architecture guide: Media-TIC. http://www.architravel.com/architravel/building/media- tic/(2013). Accessed 20
July 2017
Architect Science:Towards a new architecture+ Energy. Science for Sustainable Architecture. http://www.architectscience.com/
images/Towards_A_New_Architecture_Energy_-_Part_2.pdf (2012).Accessed 17 July, 2017.
Arch Record + Sauerbruch Hutton: Prismatic Sustainable Buildings Imitate the changing Seasons. ALPOLIC Metal Composite
Materials Web. http://www.alpolic-americas.com/prismatic-sustainable-buildings-imitate-the- changing-seasons/(2012).
Accessed 17 July 2017.
European Commission (EU): IP/03/1278. Indoor air pollution: new EU research reveals higher risks than previously thought.
http://europa.eu/rapid/press-release_IP-03-1278_en.htm (2003). Accessed 01 August 2018
European Commission (EU): Energy-efficient buildings. Multi-annual roadmap for the contractual PPP under Horizon 2020.
http://ectp.ectp.org/cws/params/ectp/download_files/36D2981v1_Eeb_cPPP_Roadmap_under.pdf (2015). Accessed 01
August 2018
Frearson, A.:Allianz Headquarters by Wiel Arets features glass fritted to reference Mies’ Barcelona Pavilion (2014).https://www.
dezeen.com/2014/03/26/allianz-headquarters-wiel-arets-architects/Accessed 19 July 2017.
Hans, C.: Koeppen climate classification: as a diagnostic tool to quantify climate variation and change. http://hanschen.org/
koppen/#classification (2007).Accessed 08 August 2018
Heiselberg, P.: IEA ECBCS Annex 44. Integrating Responsive Elements in Buildings. Project Summary Report. http://www.
ecbcs.org/Data/publications/EBC_Annex_44_PSR.pdf (2012). Accessed 01 August 2018
International Energy Agency (IEA): Transition to Sustainable Buildings. Strategies and Opportunities to 2050. Executive Summary. https://www.iea.org/Textbase/npsum/building2013SUM.pdf(2013). Accessed 01 August 2018
International Energy Agency (IEA). World Energy Outlook 2012.https://webstore.iea.org/world-energy-outlook- 2012-2 (2012).
Accessed 01 August 2018
International
Energy
Agency
(IEA):
Technology Roadmap. Energy
efficient
building
envelopes.
https://www.iea.org/publications/freepublications/publication/TechnologyRoadmapEnergyEfficientBuildingEnvel opes.pdf
(2013-2). Accessed 01 August 2018
Knaack, U.: Facades - Principles of Construction, Birkhäuser, Basel (2007).
Renato, M.: Vetri Fotovoltaici per Integrazione Architettonica (Building Integrated Photovoltaics). Energy glass Solar and Glass
Architecture
https://www.fresialluminio.it/images/Fresia2009/ConvegnoPoli270309/relazione-macconi-27-03-09.pdf (2010).Accessed 17 July
2017.
Reardon,C.:Passive Cooling. Your Home. Australia’s guide environmentally sustainable homes. http://www.yourhome.gov.au/
sites/prod.yourhome.gov.au/files/pdf/YOURHOME-PassiveDesign- PassiveCooling.pdf (2013). Accessed 18 July, 2017
Ruiz-Geli, E.:Media-ICT building CZFB, 22@. Barcelona. Ruiz-geli projects. http://www.ruiz-geli.com/projects/built/media-tic(2011). Accessed 20 July, 2017.
Schumacher, M., Schaeffer, O., Vogt, M.: Move: Architecture in Motion - Dynamic Components and Elements, Birkhäuser, Basel
(2010).
Thibault, P.: Closed translucent fac¸ ade elements with switchable U-value - A novel option for energy management via the
façade. Energy and Buildings 86 (2015) 66–73.www.elsevier.com/locate/enbuild(2015). Accessed 24 July 2017.
WAA:Allianz Headquarters.http://www.wielaretsarchitects.com/en/projects/allianz_headquarters/ (2017). Accessed 19 July 2017.
Wainwright, O. (2012). KfW-Westarkade banking HQ, Frankfurt, by Sauerbruch Hutton. Bdonline.co.uk. https://www.bdonline.
co.uk/technical/ Accessed 24 July 2017.
Wigginton, M., Harris, J.: Intelligent Skins, Butterworth-Heinemann, Oxford (2002). Yeang, K.:Eco Design: A Manual for Ecological Design: Wiley Academy, London (2006).

With this approach it will be possible to lead the future adaptive façade technologies to derive from
ecological design principles and strategies, which could be integrated benignly and seamlessly with
the natural environment that includes biosphere.
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Adaptive Façades and Topology
Optimization
Ingrid Paoletti, Massimiliano Nastri
Politecnico di Milano / Department of Architecture, Built Environment and Construction Engineering, Italy

The study examines the main possible approaches for a generative use of topology optimization aimed
at the study of the conditions of “adaptability” of façades in architecture. The analysis regards the
possibilities of technological transfer of topology optimization methods and strategies to the conception
of framing and enclosure components of building envelopes, through the explanation of some
experiments and applications. The topology optimization is analyzed and supported as the possible
area within which it should be possible to sustain new forms of calibration of material densities, of
morpho-typological sizes and structural performances with the least material used and energy wasted.

Keywords: Topology optimization; Technological transfer; Modelling and executive design; Additive
manufacturing; Lattice and cellular structures.

1

Introduction
The thematic proposal deals with the contents and experimental procedures of development aimed
at topology optimization with the aim of defining some methodological approaches and strategies
for the conception, the design and the construction of building envelope systems, components
and connective interfaces within the frame of the advanced contemporary architectural scenario.
The study aspires to a possible contribution to the technological transfer of some planning,
managing and solving issues, by laying down criteria relating to “digital/virtual design” procedures
(Zheliazkova, Naboni, Paoletti 2015), “productive/constructive customization” technics (Paoletti
2013) and “executive design” methods (Nastri 2009; 2017), relating to the scope of the adaptive
façades. According to this study, the adaptive character concerns the design, productive and
constructive methodology, which is able to make the structural and envelope components of
building envelope systems adjustable, in respect of specific parameters regarding:

•
•
•

The mechanical loads expected and established during operating conditions;
The needs of connection between supporting elements and connectors;
The specific characteristics of framing materials and building envelope and cladding systems.
The study examines the “adaptive” character of the described systems as a model that should lead
to a research in order to define a methodology able to be:

•
•

Used in different types of frames, junction devices and their respective materials;
Flexible and adaptable to specific design needs.
The scientific contribution of this research consists in the analysis of certain applications concerning
topology optimization, in order to identify a possible approach for study and development, both
methodological and procedural, in order to deal with particular needs regarding morpho-typological,
expressive, functional, productive and constructive aspects for a new approach to building envelope
and cladding systems design within advanced architecture. Furthermore, this research aims to
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•
•

The specific conception of systems, technical elements, technical interfaces and junction devices;
The design (not only bi-dimensional, but three-dimensional as well) of building enclosure and
cladding systems according to a variable, flexible and innovative configuration of building curtains.
In this respect, the study focuses on the characters of topology optimization in order to define some
possible actions to develop building envelope systems, components and connective interfaces (in
the field of Industrial Mass Customization) through:

•
•

•

The adoption of techniques making it possible to synthesize the formal determination that from
a given volume will produce both productive and constructive innovation and customization
processes;
The methodology aimed at shaping the geometric, structural, and physical constitution according
to the expected performance, in terms of mechanical strength and material distribution considering
the lowest weight, with regard to feasibility constraints and in conjunction with automotive
manufacturing practices, which can provide mass production of customized solutions;
The practice of “interoperability” between structural, thermal and/or environmental modeling, aimed
at predicting the performance assessment of technical systems.
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bring out the potential of topology optimization in order to identify possible developments within the
productive environment up to:

•

•

The study is developed through a series of contents organized according to the analytical
articulation of the main themes regarding the possibility to apply some topology optimization
methods and strategies to the “adaptability” of the design of building façades (1) and the in-depth
treatment of some examples regarding the design of the building envelope joints (1.1) and of
the reinforced concrete sections and “shells” (1.2). Thereafter, the study focuses on the topology
optimization and the design through the periodic base cells (2) and through the lattice structure
(3) as a strategy for the “adaptability” of the building envelopes to the morpho-typological and
mechanical needs: in particular, this theme regards the development and the possible technological
transfer of the lattice structures and cellular materials (3.1), the lattice micro-structured architecture
(3.2), the material system of additive manufactured lattice structures (3.3) and the research on
lattice cell typologies (3.4). Moreover, the study examines the topology optimization through
modular systems and opens to the multi-objective optimization and “adaptability” of the building
envelopes (4).

The object of dealing with the topology optimization regards the development of methodological
approaches directed to the “adaptability” of the building envelopes proposed to :

•

•
•

The interaction between the conceptual references supporting “manipulation” and “exploration of
phenomenal reality” activities and cognitive and operational procedures based on digitalization
and virtual composition (morpho-typological, performance oriented, physical and aggregative)
processes and tools;
The implementation of cognitive and operational “models” aimed at the simultaneous cognitive
acquisition (through predicting and anticipation aspects), assessment and executive simulation of
the project;
The strategies of “artificial reproduction”, in order to predict and control the “operational modes”
using “modeling representation” (through “predictive/executive models”, aimed both at “indirect”
observation and at analytical and operational formulation; Naboni and Paoletti 2015).
The thematic proposal, which implies the theoretical references gained from a series of projects,
researches and experiments considering reality of production and construction as something
“manipulable” and “calculable”, aiming for the next step of “empirical education” and “executive
materialization” of data, is expressed through the strategies directed to the morpho-typological,
geometric, structural and connective “calibration” of the building envelopes (as an intended form
of “adaptability” according to the shape-size-structural optimization activities; Paoletti 2017).
Therefore, the technological design culture of topology optimization processes is further explored
and proposed to the “adaptive” conception of the building envelopes, according to:

•
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The activity based on principles acquired in industries that extensively use digital technologies (i.e.
the automotive, aerospace and biomedical industries), in order to manage in a coordinated manner
the design, production and construction stages of composition, systemic and connective solutions;

The simulation and predicting anticipation methods of design solutions in order to assess
procedures and economic aspects, “optimize” production lines (reducing the amount of material
employed, viewed from the viewpoint of the effective functional needs), thus reducing polluting
emissions and the use of energy supply;
The qualification, certification and standardization prospects of management, design, production
and construction processes within the AEC industry (Architecture, Engineering and Construction
Industry), in order to identify possible references and avenues for a normative formulation
concerning innovative products.

2

Topology optimization: strategies and methods for the possible
technological transfer to the “adaptability” of building envelopes
The study is based on the cultural and scientific field related to the development of the design
methods aimed at the generation of new forms in architecture, where performances are integrated
not merely into an evaluative discourse, but as generative “parameters”. Within this context:

•
•

The topology optimization process has emerged as a scientific approach to evaluate form and
structure jointly (on the basis of aerospace and automotive industry, where the optimization of
mechanical parts is performed in connection with an efficient material usage);
Topology optimization should be directed to the study of the building envelopes as a new approach
for the morphogenesis and for the calibration of structural elements, considering the potential of
creating shapes that can complement and inspire the generation of architecture.
The study of the technology transfer and of the application of the “adaptive” strategies to the
building envelopes contemplates:

•
•
•

The developing load-bearing systems that economically satisfy the design performance objectives
and safety constraints;
The minimization of resource consumption that refers to the selection of the best element from
some sets of available alternatives (Radman 2013);
The purpose of the topology optimization as an approach focused on shaping in order to find the
optimal thickness distribution (e.g. the optimal member areas in a truss structure). The optimal
thickness distribution that minimizes (or maximizes) a physical quantity such as the external work,
the peak stress and deflection, while equilibrium and other constraints on the state and design
variables are satisfied;
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•

The approach focused on sizing, according to the development of the design model as a fixed
parameter throughout the optimization process;
The determination of features such as the number and location and shape of holes and the
connectivity of the domain (Bendsoe and Sigmund 2003).
In this way, the contribution to the design methods related to the “adaptability” of the building
envelopes pertaining to the specific requirements and conditions regards the aim to optimize
the structural contents by finding ideal topology configurations that suggests a layout of framing
and enclosure elements and, eventually, a specific material distribution given by specific design
conditions. The topology optimization processes transferred to the context of structural needs and
problems of the building envelopes constitutes an approach that optimizes material layout within
a given design space, for a given set of loads and boundary conditions such that the resulting
layout meets a prescribed set of performance targets (Radman 2013). Moreover, the responses of
structural systems to the external loading conditions are highly dependent on the material they are
built from.
On this basis, the strategies for the topology optimization aimed at the “adaptive” design
procedures of the building envelopes are intended as an aid to generate architectural structures,
framings and components, so that the output of the process should be strictly morphogenetic and
suggest actual forms in relation to a defined spatial boundary and requires the needed integration
of the structural problem with the architectural one. According to this proposal, therefore, the
topology optimization aimed at the composition of the building envelopes should consider:

•
•
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•

In order to point out the possible contribution to the design of the framings and of the technical
interfaces, the analysis considers the results achieved through a project by Arup Engineering in
collaboration with WithinLab, CRDM/3D Systems, expert in additive manufacturing, and EOS;
Paoletti 2017). In particular, the study examines the pioneering proposal by Arup Engineering that
represents a solution for steel nodes in lightweight envelopes characterized by complex shapes and
customized design: the shaped elements are optimized by SIMP method and topology optimization
results in an organic form using less material while the original functions are still ensured (Block et
al. 2015). Compared to traditional design, the technological transfer opportunity suggested to the
“adaptive” conditions of the building envelopes joints should regard:

•
•

•
•

The approach capable of providing the calibration of material and causing an increase of the node
stiffness;
The process based on the principle of the additive laser sintering, employing the steel derivatives
as the printing material. The structural nodes have been originally conceived in stainless steel and
later produced with steel, compatible with the technology of the machine (owned by the partner
CRDM). This material is about four times stronger than a normal construction steel, which made
Arup Engineering eager to experiment with it and further explore its potentials;
The additive manufacturing that report how this technological solution guarantees a 40% reduction
of CO2 emissions over the whole lifecycle compared to the traditional casting processes;
The process of the direct metal laser sintering (DMSL) satisfies many design requirements,
reducing weight and preserving geometrical freedom. Due to the nature of additive manufacturing
techniques, the production of waste materials is minimized and the weight of the final product
reduced by 30% (Figure 2).

The definition of the boundary conditions, such as the applied external loads, the support
conditions, the volume of the bounding box including the structure and, eventually, some additional
design restrictions such as the location and size of prescribed holes or solid areas;
The determination of the optimal organization of a specific material in space most often according
to structural compliance or stiffness (Figure 1).

Fig. 2 3D printed structurally optimized steel joints “adaptable” to the design process of the building envelope joints (credits:
Arup)

2.2.

Fig. 1 Strategies for topology optimization directed to the building envelopes to generate architectural structures and components.

2.1.

The topology optimization approach to the “adaptability” of the building envelopes joints

The study supports the technological transfer of the topology optimization directed to the
“adaptability” of the design conditions of the building envelopes through the development of
structural connections, as exemplified by the technique to realize the 3D printing steel joints.
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The topology optimization approach to the “adaptability” of the building envelope sections

The study supports the technological transfer of the topology optimization aimed at the
“adaptability” of the design conditions of the building envelope sections, as exemplified by
the application to the reinforced concrete sections, through an integral approach in which the
generative design was essentially supported by a fabrication setup of robotic CNC-milling of EPS
moulds (as the result of an interdisciplinary project led by the Aarhus School of Architecture; 2007).
To prove this approach, a concrete structure (which required the use of self-compacting concrete
and of steel reinforcements) was designed and built in the form of an asymmetrical, doubly curved
slab structure, where the shape resulting from the topology optimization was then re-modelled and
used as negative form to generate the EPS mould forms to be cut. According to this experiment,
which finally ended up with the construction of a full-scale prototype (with a complex shape
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•
•
•

The emergent structural design that provides a new tectonic language where the natural load path
is immediately visible;
The construction realized with high precision and ease of mould production (with the use of the
robot CNC milling);
The reduction of material consumption up to 70% in comparison with massive equivalent structures
subjected to loading conditions and requirements by international standards (Figure 3).
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that would be difficult to manufacture with typical methods), the study intends emphasizing the
possibilities of forming an “adaptive” strategy for the building envelope sections through:

•
•

The overall properties of these types of materials are controlled by the spatial distribution of the
constituent phases within the PBC, as well as the properties of the constituent phases;
The periodic composites, in comparison with traditional composites, demonstrate greater flexibility
in terms of their capability to be tailored for prescribed physical properties, by controlling the
compositions and/or the microstructural topology of the constituent phases. They can also be
easily tailored to have gradation in their functional properties, in the form of a Functionally Graded
Material (FGM) through gradual changes in the microstructural topologies (Figure 4).

Fig. 4 The topology optimization directed to the building envelopes according to the optimal spatial distribution of the constituent
materials within the Periodic Base Cell (PBC).

4

Topology optimization and design through the lattice structure
directed to the development of the building envelopes

Fig. 3 The topology optimization directed to the building envelope sections according to the application of the reinforced concrete, supported by a fabrication setup of robotic CNC-milling of EPS moulds.

3

Topology optimization and design through the periodic base
cells aimed at the development of the building envelopes
The study examines and supports the topology optimization directed to the building envelopes
regarding the methodological approach to “adapt” the material organization at the micro-scale:
this strategy is experimentally extended to the Periodic Base Cell (PBC) that represents a
heterogeneous continuum structure comprised of different constituent materials or phases
(Bendsøe and Sigmund 2003). The topology of the PBC is what influences the properties of
materials; hence the major challenge in the design of these materials would be the determination
of the optimal spatial distribution of the constituent materials within the PBC. In the simplest form,
the periodic composite materials consist in a 2D or 3D scaffold of matrix, in which the other phases
are included: therefore, it is reasonable to apply the structural topology optimization methodologies
for the determination of the spatial distribution of the phases (Radman 2013). According to these
applications, the study means to support the “adaptive” conditions of the building envelopes
considering that:

•
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4.1. Topology optimization of the lattice structures and cellular materials directed to the
development of the building envelopes

The materials with repeating or periodic microstructures usually consist of one constituent phase
and a void phase (known as porous or cellular materials), or combinations of two or more different
constituent phases with or without the void phase (also named “periodic composites”);

The study examines and supports the topology optimization approach by considering the
“adaptability” of the building envelopes in respect of the lightweight of framing and sections, through
the analysis and the application of cellular materials, which might be characterized by advanced
physical, mechanical and thermal properties that extend far beyond those of solid materials.
According to this approach, the “adaptability” of the building envelope should be analyzed in
relation to the physical characteristics of the materials that can vary by changing the distribution
within their microstructure: in order to make the best use of the resources, the spatial distribution
of the constituent phases within the microstructures can be defined by using topology optimization
techniques. These types of cellular solids should be transferred and used for the building envelopes
due to their high structural stiffness, high strength-to-weight ratio, low energy absorption, good
thermal conductivity, and acoustic insulation; although the structural weight is not generally a
functional property, it might happen to be one of the important design factors. In particular, the study
intends to support the “adaptive” conditions of the building envelopes considering that:

•
•

The material is composed of Periodic Base Cell (PBC), which is the smallest repeating unit of the
structures;
The dimensions of the base cells are assumed to be much less than the overall length scales of the
material body, and at the same time much larger than the atomic length scale;
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The PBC’s are discretized into a finite elements model under periodic boundary conditions, where
the finite element analysis is performed to extract necessary information for the calculation of
the effects of individual elements (within the PBC) on the variation of homogenized (average)
properties of material: this through the appropriate distribution of the solid phase within the PBC,
subject to a prescribed volume fraction of the solid phase (Radman 2013) (Figure 5).
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•

robots (Cheung 2012) and based on the employment of additive manufacturing to produce sand
mold halves casted with Ultra High Performance Concrete (UHPC) for the realization of threedimensional spatial lattices (Morel and Schwartz 2015). The topology optimization strategies,
considered in terms of the “adaptable” physical constitution of the building envelope enclosures,
are intended and supported as an early-stage design tool to give the designer an insight into an
efficient and continuous lattice microstructure layout. In particular, the study means to support the
“adaptive” conditions of building envelopes considering that:

•

•

Topology optimization is fed with two-dimensional free-form shapes, which represent a possible
“draft” of the building envelope configurations to be evaluated, along with a description of the
specific boundary conditions such as loads, constraints and material properties (Bendsøe and
Sigmund 2003);
The representation directed to the building envelope configurations should be converted into
a Functionally Graded Lattice structure, where the mechanical behaviour provides the needed
information to evolve a polyhedron into highly specific cells with locally optimized cell dimensions
and orientation, struts diameter and section as well as material characteristics (Figure 6).

Fig. 5 Topology optimization directed to the building envelopes considers the study of the lightweight cellular materials (credits
ACTLAB, Politecnico di Milano)

4.2. Topology optimization of the lattice micro-structured architecture for the concept design of
building envelopes
The study examines and supports the topology optimization approach considering the “adaptability”
of the building envelopes in respect of the technological transfer and application of a specific type
of cellular solids, identified as the lattice microstructure. The potential of this system relies on
its implicit resistance and reduced use of material, combined with the possibility to be “adapted”
to a large variety of façade shapes. The study observes, for possible application to the building
envelopes, the lattice microstructures both as a structure and as a material, consisting in an
interconnected network of struts, pin-jointed or rigidly bonded at their connections. At one level,
they can be analyzed using classical methods of mechanics, as typical space frames; on the
other side, within a certain scale range, lattice can be considered as a material, with its own set
of effective properties, allowing direct comparison with homogeneous materials: in particular, the
mechanical properties of lattice materials are governed, in part, by those of the material from
which they are made, but most importantly by the topology and the relative density of the cellular
structure.
The study contemplates that applications of the lattice structures in construction, for possible use
in “adaptability” of materials and structures of the building envelopes, are developed in connection
with new fabrication methods, involving additive manufacturing and industrial robotic arms, often
based on polymer pultrusion in space to create façade reinforcements (Hack et al. 2015): these
are based on the use of fiber-reinforced composites to produce modular struts, assembled by
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Fig. 6 3D base cells, 2 x 2 x 2 cells and effective elasticity matrices of 3D cellular materials with maximum shear modulus;
volume fraction is (from top): 45% ; 35% ; 25% ; 15% (Radman 2013).

4.3. The material system of additive manufactured lattice structures for the concept design of
building envelopes
The study looks at how, within the field of the “adaptive” characters of the building envelopes, the
shift from prototyping to direct manufacturing is mainly connected to material improvement, which
in comparison with product design is more complicated to achieve: material characteristics and
behaviour, mechanical properties and dimensional requirements are key elements in evaluating the
use of additive manufacturing for large scale applications (Naboni and Paoletti 2018). Therefore,
the exploration of a material system should be carried out in order to understand the way it can
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In particular, according to the technological transfer to the “adaptive” characters of the building
envelopes, the employed material, experimented and indicated, should be the High Performance
PLA (Polylactic Acid), a polymer with discrete mechanical properties that are leveraged by its
superior printability. An extensive campaign of the fabrication tests has been conducted with it
to define print settings in relation to geometric constraints, printing time, printing resolution and
mechanical resistance of the lattice microstructure. Among various aspects, an important one
emerged as the necessity of evaluating models to be printed according to the geometry limitations
in overhanging angles, to avoid the need for support geometries with resultant t inefficiency in the
use of material. The relation between the deviation angle from the vertical axis and the number and
thickness of shell elements is fundamentally driving the resolution and refinement of the production
(Figure 7).
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be exploited, with a rigorous multi-scalar analysis of the material coupled with the fabrication
system that will be used. This process starts with analyzing the materialization process through the
fabrication experiments and the observation of their geometrical and mechanical characteristics.
As result, a set of specific boundary conditions for the fabrication systems, involving mechanical,
software and material interdependencies, is defined. Within the frame of this research, use is made
of a delta-robot, a typology of printer intrinsically agile that guarantees an ideal travel speed for the
production of discontinuous geometries such as the lattice structures.

•

Fig. 8 The image shows eight different unit cell typologies for the Cellular Lattice Structure and their observed characteristics;
first column shows unit cell types: A - orthogonal grid, B - star, C - tesseract, D - octahedron, E - cross, F - octet, G - ventiles
and H - diamond; second column shows the relative density (ρ), printability (P) and light permeability (L); third column shows
the repeated unit cell in a skin system, highlighting in red elements that are not possible to be fabricated with FDM. (credits:
ACTLAB, Politecnico di Milano)

5

Fig. 7 The material system of additive manufactured lattice structures based on the multi-scalar analysis of the material coupled
with the fabrication system (credits ACTLAB, Politecnico di Milano)

4.4.

The research on lattice cell typologies directed to the building envelopes

The evaluation of the overhanging angles and of the visual permeability, which is measured in
relation to the projection of the unit cells on a vertical plane (using a 30° angle of view) (Figure 8).

Topology optimization of the building envelopes through modular systems
The topology optimization strategies are studied for the application to the building envelopes
through use of modular systems, intended as “open” and “adaptive”, such as the STRUNA (word
born from the crasis of “STRUcture” and “NAture”) which shows the contemporary opportunities
of computational design techniques combined with advanced manufacturing systems. The
methodological approach is directed to the concept of “adaptive” modular building envelopes,
capable of combining and accommodating “adaptable” structures, which conforms to the space.
The STRUNA system (developed at the Politecnico di Milano, in collaboration with the Faculty of
Agraria of the Milan State University) recalls the names of the modular pieces of furniture of the
famous Swedish brand, but it surpasses its Fordist logic to become a mass-customizable system,
lively and flexible. Accordingly, structure and envelope components joined in a system that is
dynamic, self-bearing and can be configured as a filter between exteriors, interiors and between
spaces. In line with the most advanced trends in high yield crop cultivation with the least ecologic
footprint, the STRUNA system is also “adaptable” - besides traditional and hydroponic cultivation
methods - for the cultivation of micro-algae, whose photosynthesis is made possible not only by the
sunlight, but also by a low consumption LED system, ensuring non-seasonal yield (Figure 9a, b, c).

The study, focused on the architecture of the lattice structure directed to the “adaptable”
development of the micro-structure of the building envelopes, proposes to analyze:

•
•
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The definition of the base unit cell, which implies that the above-mentioned geometry constraints of
FDM are to be taken into account first in this evaluation;
The conduction of the comparative multi-criteria analysis of typical three-dimensional cells, with an
evaluation of printability, relative density and visual permeability (considering different typologies as
orthogonal grid, star, tesseract, octahedron, cross, octet, ventiles and diamond);
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a)				
b)			
c)
Fig. 9a), b) and c) The STRUNA structure developed as a result of computational design techniques combined with advanced
manufacturing systems. (credits: SAPERLab, ABCLaboratorio, Politecnico di Milano)

Nastri, M. (2017). Executive design and hermeneutics of téchne. Téchne. Journal of Technology for Architecture and Environment, n. 13, 182-193.
Paoletti, I. (2013). Two case studies of mass customisation and digital fabrication in building industry, in Piroozfar, P. A. E., Piller,
F. T. Mass Customisation and Personalisation in Architecture and Construction. Taylor & Francis, London, New York, 184193.
Paoletti, I. (2017). Mass customization with additive manufacturing: New perspectives for multi performative building components in architecture. Procedia Engineering, 180, 1150-1159.
Radman, A. (2013). Bi-directional Evolutionary Structural Optimization (BESO) for Topology Optimization of Material’s Microstructure. School of Civil, Environmental and Chemical Engineering, College of Science, Engineering and Health, RMIT
University.
Zheliazkova, M., Naboni, R., Paoletti, I. (2015). A parametric-assisted method for 3D generation of as-built BIM models for the
built heritage, in Brebbia, C. and Hernandez, S. Structural Studies, Repairs and Maintenance of Heritage Architecture XIV.
WIT Press, 693-704.

Conclusion
The study, attempting to categorize the use of topology optimization (experimented in different
areas), aims to support the technological transfer and the methodological approach to the
conception of new morphogenesis, production and construction strategies for the structural
framings and enclosures of building envelopes, observing:

•
•

•

The topology optimization process that is analyzed as a possible technique to achieve the
characters of “adaptability” to façades while creating efficient physical, material and structural
organization;
The integration of additive manufacturing methods that have introduced innovative materialization
processes, where logics of sustainability and efficiency (typical of mass-production) are no longer
applicable: taking inspiration from the remodeling process of bones, a design methodology based
on topology optimization that “adapts” to different shapes and loading conditions is developed;
The experimental approach finalized to complex shapes neither pre-optimized by shape, nor
post-rationalized to meet manufacturing constraints, supporting the manufacturing process with
increased chemical, mechanical and weather resistance.
This promising research ambit can widen designers competences and capacity to inform their
design with performances from the very beginning of the design phase.

7
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Dynamic and Climate-Sensitive Bionic
Façade
Andreas Hammer
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Designs by architectural students from the Frankfurt University and their future potential for adaptable
and solar photovoltaic implemented façades are portrayed. The paper is showing how they act and
react to climatic changes at the specific sites. The different aspects, as well as limitations with regard
to costs, technical and functional restrictions, are named. The design process for the two different
courses in architectural design containing a refurbishment of an existing building “high-rise apartment
building, Mainz” and a case study for a “bikers lodge, Bingen” critically outlines and displays how the
designs were developed step by step towards an overall energy strategy that firstly is pushing the
design to a plus-energy building and secondly to incorporate one bionic aspect into the building skins’
design. Both main parameters needed to be reviewed and refined during the whole design process.
Various basic bionic approaches are given [e.g. solar ivy TM [S.M.I.T. 2011], flectofin TM [Knippers
2012] or hygroskin TM [Menges 2012]], which are to be experimented with, regarding the use of
bendable photovoltaic elements as parts of a hybrid, kinetic façade system. As we need to collect
energy in future buildings, the complete building envelope has to work like the human skin, adapting at
the right time to the right functional need, with the minimum amount of energy input or physical power.
This paper would like to make a contribution to these ideas by showing how our modern architecture
can contribute to this and naming those implications that need to be closely looked at.

Keywords: bionic building shell design, bio-kinetic façade, climate adaptive façade, self-regulating
shading system

1

Introduction
During two separate courses, students in the bachelor program were asked to deal with a specific
design project.
The main aim of the module was to explore and enhance the boundaries of architectural expression
when using natural low-tech systems inspired by bionics. The design requirements were very
challenging, for there were different functional needs that were to be incorporated in a convincing
energy strategy that should use photovoltaic [pv] thin-film cells in a very unconventional way into
the building skin. The design studies show their bionic approach and their attempt to balance the
users’ needs and communication with the façades and the technical requirements of hinge-less,
adaptable shading devices. This can be a trigger for new design methods and future ways of
incorporating self-adapting and self-regulating building components in architecture.
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Fig.1: biker lodge design – perspective with south facing bionic façade [Korpa-design]

the original matters of architecture, like described by Vitruvius, and as one of them is beauty, the
differentiation of the mere technical elements of the bionic façades needs to be discussed and
researched with regard to proportions, harmony in appearance and excellence. This will explicitly
be true for the parts of the building and even for the smaller details they are made of. And so, the
whole building concept and its appearance will be in close design relationship with its smallest parts
and their interaction with the surroundings. Even more, we must explore building techniques and
materials to operate in a mode of adjusted flexibility. This kind of adaptability to what is happening
climate-wise in the surrounding area will be the most difficult and challenging part for architects and
engineers in the future, because we need a visionary understanding of how to create these effects
with lowest power input and minimum maintenance while at the same time solving all the problems
of bending, rotating and other kinetic issues. So, this is the point where biology starts to intrude into
architecture, because evolution has, although during long times, developed and optimized, yet on
different scales, wonderful and harmonious plants and plant-parts that have been made to work in
an absolutely efficient way with regard to very specific functions and the natural law of minimizing
energy losses wherever possible [see fig. 3].
The broad field within the discipline of bionics has already discovered some very inspiring answers
that have been adapted to the field of engineering and building works.
2.2. Preparatory work for the design-statements
The first step in this architectural research study on building façades was done by explicitly
collecting weather and climate data as well as doing research on natural sources of the given site
or in its vicinity.

Fig.2: biker lodge design – hill side perspective with south facing façade collecting sun energy [Korpa-design]

2

Specifications, research frame and effectiveness
2.1. Towards a global impact

Having closely looked at and discussed natural parameters worth exploiting at the given site
and using the building itself as an energy supplying factor, an energy strategy for every single
design was individually developed to give ground for the main bionic principle [e.g. hygroskin TM
[Menges 2012]; solar ivy [S.M.I.T 2011] or flectofin [Knippers 2012]] that had to be aimed for. These
principles and their constructive elements had to allow the possibility for further attachment or
improvement as a natural energy collecting device. Most of the design research was aiming for the
exploitation and use of solar power within or on top of these elements of the building shell, e.g. by
designing the case study towards a plus-energy building or heading within the design frame for a
non-heated and non-cooled building [see fig. 1+2].

The essential question for the future is how architects can contribute to overcoming the problem of
an increasing waste of energy in the face of fast population growth. One challenging and promising
aspect that has already been started in the academic field and vividly discussed among a minority
of architects, is the goal of developing, in a time range of approximately 50 years, buildings that
never again use up and waste energy and other resources. Instead they themselves should
become a mean of generating the necessary output for themselves and for other intentions as well.
This is the so called “plus-energy building” or “active house”.
The strategy would be to concentrate on the development of the inherent principles regarding the
most promising element of the buildings for reaching this goal – the “building envelope”.
Future façades will have to massively collect energy in a very economical way, while at the same
time fulfilling all amenities for the users. All aspects like transparency, translucency, opacity,
building physics to meet the comfort of the human users, technical restrictions to meet fire-safety
regulations, and so on, need to be researched and their reciprocity. Especially when it comes to

488

Fig.3: natural opening and closing mechanism of clover during day and night-time triggered by sunlight/ sun radiation - a oneday cycle
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In order to verify an acceptable approach, every student was asked to undergo a specific research
procedure to meet the limitations of his or her specific design, e.g. power outcome with regard to
element sizes, rotation angles towards the sun [during winter and summer time], of the façades
less oriented towards the sun. The integration of the roof surfaces in all case studies was principally
neglected in order to maintain the focus on those parts of the façade that are always much harder
to implement with regard to user interference and transparency or opacity issues. This means,
basically what will work on the building façade, will also work on the opaque roofs as well. By
focusing on the façades for all cardinal directions, the students had to undergo a process of
refinement including the question of the main parameters that the chosen façade has to meet and
what the initial output and target will be.
2.4. Bionic mechanism, activated by direct solar radiation, in combination with pv cells
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2.3. Existing parameters and focus on façade performance

Despite taken into consideration one primary bionic principle, it became very obvious right from the
beginning that simplification was needed; the biological mechanism was completely converted to a
shading device in front of the building façade. Having a closer look at the “high-rise studies” we can
realize, that two different approaches were taken by the students.
“solar ivy” – a bionic principle that was directly derived from the ivy plant and its imitation of the
photosynthesis effect by implementation of pv thin film cells onto the artificial leaves’ surfaces. A
pre-commercial development for the building sector was initiated by SMIT-New York [see fig. 5 and
7].

Fig.20: enerCalc- program: basic data for specific building parameter - 3rd configuration

The “Müller” design [see fig. 4+6] had completely taken into consideration as a design-driving force
the “solar-ivy”; we can clearly see the manifestation within the façade design of a rather unusual
and unique way of treating opaque, transparent and translucent parts. Moreover, it is also clear that
this bionic principle does not offer the options of flexibility towards a changing climate and weather
situation and so has to be accepted as a rather static device. Still unsolved in case of fire is the
problem of electrical tension and voltage during fire-fighting efforts.

Fig 4: solar ivy– south-facing façade design [Müller design]
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Fig 6: high rise apartment building - perspective [Müller design]
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Fig.7: solar ivy under realistic conditions in New York

“flectofinTM” – a bionic principle that has been adapted and transformed from the Bird-of-ParadiseFlower “strelizia reginae”. A pre-commercial development for the building sector was initiated and
a prototype was built by ITKE-University Stuttgart | Albert-Ludwigs- University of Freiburg | ITVDenkendorf | Clauss-Markisen [see Figs. 18+19].
This research study has won the International Bionic Award 2012 and the Techtextil Innovation
Prize 2011 and will be the bionic principle which this scientific research will mainly focus on.
Strategies to apply bendable thin-film pv modules onto these textile “wings” or “flaps”, opaque or
translucent and with different shapes and sizes, need to be researched in detail.
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Fig.5: parts of the solar ivy application mesh

Fig.9: high-rise interior perspective [Dittmar design]
design]

Fig.11: interior view– closed flectofin shading at midday [Neverbickaite

Very important will be the aspect of the materials working together in their behavior to bend
together, comparable to bi-metallic material. As the sunlight hits the pv modules and the “hingeless flaps” [made of a mixture of carbon textiles and layers of synthetic resins], the increasing
temperature on the surface starts to curl the “flaps” and makes the photovoltaic modules expose
themselves more and more directly and unobstructed to the sun. All other students “Neverbickaite”
[see fig. 10+11] – “Dittmar” [see fig. 8+9] - established their designs on the “flectofin-principle” as
described beforehand under paraphrase number 2.4 -“flectofin” and added an energy-collecting pv
system onto the sun-facing surface of each element of the flapping mechanism [see fig. 16].
The power collection would also work on days with little sunshine, because the output and
efficiency of the thin film pv modules works under a wide range of climatic conditions. An electrically
induced manual override gives the opportunity of accomplishing human user behavior. A “nithinolwire gaze interwoven into the flaps” [see fig. 16], works as a kind of resistor and because of its
electrical conductibility, which starts to build up an internal constraint when hit by sun rays, the flaps
steadily change their state of condition from “completely open” to finally “completely closed”. And
having reached this last position, the full shading for the space behind is completed – overheating
is absolutely minimized and the parallel work of collecting solar energy is at its peak.
Astonishingly, two of the three designs – namely the “Neverbickaite” design and the “Dittmar”
design, have come to end up with a hexagonal [see fig. 11] and an octagonal [see fig. 9] structure
as the primary [storey-high] module to arrange the flapping-mechanism of the flectofin-flaps.
By having a closer look at the “biker lodge studies” we can realize that all students were focusing
on the “flectofin” bionic mechanism and surprisingly, we learn that all of them had started an
individual approach and improvement, which finally resulted in differentiated and convincing design
statements. The shading devices have become an integral part of the design process for the
appearance of the building as a whole.
So, for example we find the “Aubertin” design [see fig. 12+13] came up with a star-like module
derived from the opening and closing mechanism of pine cones. By choosing different element
sizes, a playful and variable appearance gives a unique expression to the building.

Fig 8: octogonal flectofin modules [Dittmar design] Fig 10: hexagonal flectofin modules – perspective [Neverbickaite design]
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The “Frischholz” design [see fig. 14], on the other hand, uses upright standing elements in a very
slender triangular- shaped version, each overlapping the other by a certain amount of the element.
As we can see from the interior perspectives [see fig. 14], there is great potential for interplay of
“intimacy and transparency” and a high design potential for the appearance of the whole building
itself. The “adaptable appearance” or the “changing face of the building due to climatic conditions”
represents a topic for further research studies. This means that, according to the sunpath, different
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2.5. Technical proposal and detailing for a bionic shading mechanism
As this technology of the “flectofin”-mechanism is based on carbon and fiberglass materials, the
detailing work within the students’ range was very limited because of still unknown or undeveloped
knowledge of how to merge an aluminum or concrete substructure with a carbon-like material.
The proof that these new technologies can be fitted to the most common building materials and
construction techniques has already been supplied by Foster and Partners “Walbrook-Project”
in the City of London which used carbon-fiber lamellas to build, for the first time in the world, a
complete shading structure for a façade made of this lightweight material.
The first question that arises is whether to choose “thin film” or “monocrystalline” pv cells
[photovoltaic cells]. As the driving factors will be the efficiency of the cells for all weather situations
and the bendability, (i.e. the flexibility of the material to follow the kinetic movement of the flaps), we
concentrate the research work on the solar thin film pv technology. But as the solar industry can
produce small patches of 0.5mm thick layers of “mono/polycrystalline”- pv cells mounted on foils
[sizing 7-12cm in both directions], linking them together to work as a big panel, the choice for this
latter option is made very easy, because the output of the solar induced energy can be assumed at
an efficiency rate of about 14-16%, rather than 5-9% when choosing the thin film technology.
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successive parts of the same façade are activated and adapt themselves to the specific solar
condition at that very hour of the day.

A first suggestion therefore would be the lining up of parallel arranged solar cells [see fig 16+17],
each strip with a width of 12cm and an intermediate spacing of 3cm, in order to create a 15cm
axial grid in one direction. Within each strip the single cells with a length fo 12cm and an additional
spacing of 3cm, would be linked together by imprinted wiring. In order to achieve an overall
flexibility for the whole flap as well as the attached pv cells, this would be sufficient. In this case
our flap-format [triangular shape with approx. 1.5m length on all sides] could be filled as shown,
reaching a maximum collecting area of about 80% of the whole flap size.
The wiring of all stripes on one flap as well as the adding up of all flaps within a module [6 flaps
for the hexagonal and 8 flaps for an octagonal module] could be done by imprinted wiring and
accumulation of all electrical connections into an electrical bus system. The phase change
components of each storey and façade should be arranged within the central, so called, BMZ [firealarming center - Brandmeldezentrale] on ground level.
Fig.13: partial elevation and section with shading elements designed from pine cone mechanism [hygroskin]

Fig.12: biker lodge hillside perspective with bionic elements derived from pine cones [Aubertin design]
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Fig.14: biker-lodge flectocollect façade south-facing, two storeys high triangular shaped modules [Frischholz design]
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Fig.16: proposal for electrical activation by sun power

Fig.17: hexagonal shading system with air cushion façade

As the primary aim of flectofintm, is to create kinematic bending and form movements in
an adaptation process that is linked to the daily path of the sun, the further step towards
FlectoCollecttm [proposed energy-generating shading device by A. Hammer] needs to find
a balanced answer on the question: “which sides of the flaps and which orientation [cardinal
directions] would make a useful application strategy?”
Considering the following points:

Fig.15: interior view with almost completely opened up flaps

interior view with half closed flaps

•
•
•

Flectofin flaps closing at night, to minimize air circulation heat losses
Flectofin flaps closing to prevent over-heating at midday
Flectofin flaps closing to follow individual needs of human beings
the current assumption would mainly see pv cells attached on the “outside surface”, the surface
being exposed to the sun when the system is stretched out in – fully open position [maximum
shading].
First efforts made in 2012 to activate the mock-up flaps of the first flectofin prototype were realized
by a linear motoric device using a hub of 55-100mm, which was sufficient to make the flaps bend by
an angle of 90° [see fig. 18]. However, this operating mechanism is still much too complex and too
costly and so more efficient systems have to be developed. Currently there are two promising but
very different paths which are subject to research.
		

Strategy I: operating mechanism using compressed air:

The strategy to inflate cushions with pressurized air and thus achieve a force to bend the middle of
the backbone of the flaps by 4-5cm is currently being researched by the ITKE- Stuttgart University
and ITV-Denkendorf and supported by a DFG [Deutsche Forschungs- Gemeinschaft] research
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		 Strategy II: operating mechanism using thermal constraint (nithinol or similar bimetallic
principle):
Having the vision that the bionic flaps will be opened and closed naturally in the future by the sun
itself [by its intensity and its path during the year with respect to the different exposed façades],
allowing for individual interference by users and the complete system [see fig. 16] working on a lowtech principle, the major focus therefore needs to be given to the development of advanced smart
materials. Dynalloy, a US-based company, offers all different products e.g. nithinol wires that can be
attached to technologies when needing a kind of bimetallic reaction [Grinham, 2014]. Although this
proposal needs advanced engineering with SMA [smart material], representatives of the company
clearly see a chance for realization after intensive research. Moreover, the proposal for this opening
mechanism seems to be very clever and efficient in their eyes. Detailed information exchange and
preparation for financial support is on the agenda.

Strategies for Design

program. The creation of a 1:1 mock-up [see fig. 19] has just being built and a large presentation in
September 2017 took place in Stuttgart, Germany.

E

Summing up all partial façades and the roof to give a figure for total energy output [see table 1 e.g.
for 3rd configuration].
Assuming that all four sides of the building would be taken into consideration for power collecting,
there has been a reduction in the efficiency factor according to the presumed sun-time intensity
on the specific façade area and the climate effectiveness [see table 1 – second column from right
side]. The calculations also take into consideration a reduced effectiveness when flap-shape is in
the middle of the kinetic movement. There is a significant difference in the energy outcome between
FIRSTLY a conventional treatment of pv adaption with mono/polycrystalline solar-panels ONLY on
the roof-top [total energy output: 87.500 kWh/a]; SECONDLY the additional pv adaption of thin film
cells on the flectofin façade [total energy output: 186.000 kWh/a] and THIRDLY the additional pv
adaptation of polycrystalline cells on the flectofin façade [total energy output: 443.981 kWh/a - see
table 1 for 3rd configuration].
In order to compare the three configurations an assumption was made for the energy output of the
chosen pv cells. This was done by applying the given options [Zentgraf, 2009 - see fig. 24] and
their realistic power outcome as stated per year and sqm. In the next step a table was established
[see table 1 – second column from right side] to collect all effective building skin area the assigned
power-collecting area as well as the averaged efficiency rate for each cardinal direction. So
northeast and northwest façades were treated with a reduced efficiency factor of about 6%,
whereas all other cardinal directions were assumed to have a full efficiency rate of 16 %. There has
also been made a reduction in harvesting area in order to maintain a net pv generating area since
some parts of the building skin can not be prepared for pv cells (constructive elements, edges,
etc.). The determination of the efficiency reduction and the gross-to-net-area reduction was made
due to experience and assumption on my behalf.

Fig.18: prototype of flectofin flaps first generation [ClausMarkisen] Fig.19: activation of flaps by pressurized air cushions [ITKE-Stgt.]

2.6. Comparison of energy performance of 3 PV configurations
The intention of this paper is also to show and confirm the useful application of bendable pv
[photovoltaic] cells on a movable façade system. In order to compare a standard skin with pv cell
distribution only on the roof and the advanced building skin with pv cell distribution on the roof and
on the façade [minimum 70% of the total area of the façade], calculations of the energy output of
three different situations have been established. As a reference for all calculations, the full design of
the proposed bionic façade [see fig. 10+16], has been taken as the basic scheme.
The calculations included the following steps:
A
B
C
D
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Collecting the basic data of the design, like floor area, location of the façades towards the cardinal
directions, measures for the four elevations, roof area, and orientation towards the sun. [see fig. 20]
Determination of the pv active façade and roof area [see table 1]
Determination of the effective pv active façade and roof area [see table 1]
Calculation of the theoretical maximum amount for the energy output in the specific façade areas
for a complete year. [Zentgraf, 2009 - see fig. 24]

Fig.21: enerCalc-program: final energy balance - partial coverage on power requirements - 3rd configuration
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Fig.22: enerCalc-program: final energy balance - partial coverage on primary energy - 3rd configuration

These assumptions are insofar theoretical as the proposal for this new flectofin façade has never
been tested under realistic conditions with collecting all the necessary data for weather, climate
and sun-shine-rates. Furthermore, no energy output has been detected in a real long-time analysis
which could verify or falsify the presumptions made in theory. Overall this was not the point at that
stage. Primarily we wanted to know in which direction the technical side of the architectural skin
design has to be shifted in future and which findings on this theoretical way for an energy balance
presumption needed to be refined and more closely looked at. That could then end up in different
treatments of the flectofin elements or in another way of assembling the modules during the design
process.

Having calculated the yearly energy gains of the three different configurations, an energy
calculation for the building itself was done, also for each of the three configurations and all basic
data for the specific buildings parameters have been applied in the chosen energy calculation
program [enerCalc], like e.g. U-values for windows, walls, roof, etc; the heat-recovery values of the
technical equipment, the absence of a cooling system, assumptions for air tightness and thermal
bridges, and so on [see fig. 20].
The calculations given by the enerCalc program have been promising insofar as we could find, at
this early stage of the design process, an almost equal consumption of energy as the buildings
own demand. So, the current finding was that the 3rd configuration is starting to gain a surplus of
energy. With some more detailed adjustments in the overall energy strategy, an “active house”, in
our case for the typology of a high-rise building, is actually within reach.
Finally, it can be stated that the energy output of polycrystalline cells on the flectofin façade with a
total energy output of 443.981 kWh/a, reaches almost the approximate amount that is necessary for
the provision of all power within the building itself e.g. plants, lighting, cooling and heating system
etc., when using an energy concept for the building that is striving to support an “active house”
strategy [reducing consumption to a minimum]. This has been verified with the help of “enerCalc” a
simulation program for energy calculations of buildings [see fig. 20,21,22,23].
Moreover, the total sum already suggests a surplus of energy that could either be stored within the
building in battery storages or transferred into another repository material or be passed to adjoining
houses and living quarters. That is exactly the turning point for a future plus-energy building and its
embedding within a “smart city” concept. Nowadays, urban and spatial planners all over the world
try to suggest smart grid metering as a specific network to shift electricity to where it is currently
needed.
2.7. Future perspectives
Climate adaptive Building façades in the future will not only work with regard to shading devices
but with regard to an overall adaptability by using multi-tasking layers as has been outlined in the
dissertation by Prof. Dr. Henning Braun and his ideas for completely new material and surface
combinations to meet different functionalities that are needed for highly adaptable and energyminimizing building shells.
The development of an enhanced design strategy according to proposal in this paper, as a shading
device, will be needed to clarify and verify the basic principles, in order to prepare the ground for
mock-ups and testing series to show practicability. The relationship of the human factor with its
need for natural daylight, transparency, intimacy, physical comfort and its interaction with technical
systems ought to be balanced with accuracy. Further unresolved questions regarding fire resistance
and the shut-down capabilities of façades entirely covered with electricity- inducing flexible pv
systems, need to be answered in the near future.
In future research, the question of how this can be applied and of how the gap between research
and real construction can be bridged, will be an essential one. Highly interesting proposals show
a sensitive shading device according to the surface specifications of the species “snake-starOphiocoma wendii” [Braun 2008] or the vasomotoric and thermo-regulating multi-layered system of
the “Rete Mirabile” [Braun 2008] derived from the seal skin.

Fig.23: enerCalc-program: final energy balance - accumulated primary energy balance - 3rd configuration
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daytime [left] and clover at nighttime [right]], it is our task to identify them and transfer these brilliant
ideas, evolved during millennia, into our building concepts.
A clear case, can be made for implementing a natural – low-tech system, with the ability of naturally
adapting to the specific climate that is prevailing on the outside and while doing that, using as
little energy as possible and at the same time generating as much natural energy [solar power
in this case] as possible. This strategy seems intriguing and simple at the same time. The great
opportunity comes with the use of a single medium [electricity] in order to respond to different
functional and technical needs [pv power collection, electrical internal constraint for bending,
manual override for human users, etc.]
Because one cannot yet tell if this theoretical suggestion works or not, a field-testing phase has to
be taken into consideration in the near future. Currently a research team together with an architect
is trying to set up the constructive parameters to test the flectofin flaps as a shading device within
a small project for a modern church building in Flörsheim/Main, Germany, in order to find out more
about real costs and to do some intensive monitoring after finishing the building. The challenging
task has just started.

Fig.24: table for sun power gains per sqm due to effectiveness coefficients of different pv cell types
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Table 1: enerCalc-program: basic data for roof and façade area with pv adapted flectofin system - 3rd configuration

2.8. Conclusion
As we need to collect energy in future buildings, to shift those man-made artificial objects towards
plus-energy buildings, the complete building envelope has to work like the human skin, adapting at
the right time [of the day, of the season, to the weather and the climate] to the right functional need,
with the minimum amount of energy input or physical power. As we find these concepts already
hidden in natural systems [flowers close at night and open up during the day [see fig. 3], clover at
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Challenges and Future Directions of Smart
Sensing and Control Technology for Adaptive
Facades Monitoring
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Smart sensors with embedded microprocessors and wireless communication links have the potential
to fundamentally change the way dynamic façade systems are monitored, controlled, and maintained.
According to our review presented in this paper the use of networked systems of embedded computers
and sensors throughout society could well dwarf all previous milestones in the information revolution
and improve the work place experience, user interaction and empower building occupants. However,
a framework does not yet exist that can allow the distributed computing and automation paradigm
offered by smart sensors to be employed for dynamic facades monitoring and control systems. Such
an approach does not scale to user interactions, smart grid interaction and monitoring systems with
densely instrumented arrays of sensors that will be required for the next generation of adaptive
facades monitoring and control systems. This paper provides a brief introduction on automated control
and users’ interaction of smart sensing technology for adaptive facades and identifies some of the
opportunities and associated challenges.

Keywords: advanced facades, smart sensing, automation, user interaction, building control,
framework

1

Introduction
The classical way to monitor adaptive facades (AF) is based on ad-hoc measuring approaches
that are not integrated within the façade (Attia et al. 2018a and 2018b). Traditionally, introducing
measuring devices and sensors to assess AF’s performance happens after construction. Based
on our investigation of several cases studies, we found that building systems are not networked
and the performance of most buildings in relation to the adaptive façade performed is rarely
actively monitored (Attia and Bashandy 2016, Attia 2017 and Bilir et al. 2018). Even in the case of
centralized control the automation systems are not integrated and user interaction is neglected.
The abundance of data and sensors can overwhelm any facility manager leading to simple control
rules that overrides users’ preferences. The complication of automation and building management
systems (BMS) leads to poor performance and conflicts between occupants’ satisfaction, energy
efficiency and cost effective maintenance. The interaction between the smart grid and the building
management systems requires connecting, monitoring and controlling all active building services
and elements including AF elements and components. In this context, the acceleration of market
uptake of smart buildings and modernization of grids can lead to an increase of AF to benefit from
cost signals or well-being signals. Consequently, the monitoring and assessment of AF will become
much easier and accessible due to optimized and predictive control of smart buildings.
Therefore, there is a strong need to develop environmental BMSs that empower building occupants
and allow user interaction. As we enter the era of smart and connected facades, much more
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This paper is part of the COST Action TU 1403 on AF and aims to share the experience learned
from analyzing several case studies regarding smart sensing and control technology. Therefore, in
this paper we present a short introduction on smart sensing and control technology for AF. Then, we
propose an initial framework for smart sensing and control technology for AF and identify some of
the opportunities and associated challenges.

2

Methodology
The research methodology builds up on previous work that has been introduced in COST Action
TU 1403 on adaptive facades systems assessment (Attia et al. 2015, Attia 2018a and Attia et al.
2018b) and reviewed case studies (Attia and Bashandy 2016, Attia 2017 and Bilir et al. 2018) of
AF where experts where interviewed (Attia et al. 2019). The concept of this study was built around
three axes in the context of developing an initial framework to combine smart sensing with control
technologies for adaptive facades and identify the challenges and opportunities for future directions.
The study concept adapted in this research borrowed from the review continuum that will be
presented in Section 3. The study concept focused on three key approaches for data collection and
validation of the proposed assessment framework. The earliest step of the methodology comprised
a literature review, passing by the analysis of the literature and identification of challenges
and opportunities until the articulation of a framework for AF that groups the operation system
components and connects the façade’s operation stakeholders.

3

Background of adaptive facades operation conflicts
There are three types of conflicts related to AF. The first conflict is related to the individual nature of
the façade delivery and operation stakeholders. The second conflict is related to the conventional
delivery process of buildings. The third conflict is related to the conflict of interest between owners,
users and operators. In the following paragraphs, we will elaborate on each type of conflict in detail.
The first conflict related to adaptive facades operation in related to the linear and chopped project
delivery process. Over the whole life cycle of AF, design and construction stages are considered
as too short compared to the operation stage. As shown in Figure 1, the operation stage for
a continuously maintained AF last in average between 20 to 40 years. In the same time, the
complexity and duration of operation stage requires the integration of several disciplines and
stakeholders to make sure the building is smartly connected and managed. As shown in Figure
2, building automation involves 8 aspects and requires the communication between installers,
operators and users. This brings a complexity to building management and makes the automation
for building performance optimization and user satisfaction a serious challenge.

506

User and Post Occupancy Eval

interaction between users and their living, working or learning environment is emerging (Attia et
al. 2018a and Stanza 2009). Providing occupants with control over the office indoor environment
increases productivity and satisfaction. With the modernization of grids and buildings towards smart
interaction AF can benefit from the building users as sensors next to the embedded sensors and
abundant devices that became part of any smart building. The Internet of Things IoT and signals
oriented communication between appliances, building systems, building services, users and grids
will make it easier to monitor and assess AF. Understanding the dynamics of façade operation,
BMS and programs for building occupants is an operational challenge that grows more continuously
important. The workplace experience is the key to the market penetration of AF (Attia 2018a).

Fig. 1 Adaptive Façade life cycle

Early on during the concept development, owners and design team focus on the aesthetical and
architectural value of the building and often neglect the operation stage of the façade. There is
a serious disconnect between architects and facades subcontractors. As shown in Figure 2, we
developed a generic performance process map that could be used as a visual guideline support
by companies in the building industry based on our analysis of three case studies of AF (Attia
and Bashandy 2016, Attia 2017 and Bilir et al. 2018). The map was validated and tested through
interviews with different project stakeholders. To realize global and specific maps of the project
delivery we drew hierarchical scales, task charges suite and information flows. To limit the scope
of the process map we focused on the identification and modeling of generic processes that was
associated with adaptive facades project delivery. Creating a process map involved systematic
data-based interviews. Interviewees where asked to explain exactly what they did during the
construction and operation stage, as well as share their technical challenges and express their
expectations. We conducted several interviews with architects, façade engineer, façade contractors
as well as facility managers and electrical engineers. As seen in Figure 2, the process is linear
and does not allow architects, builders, occupants and operators to communicate in an iterative
and integral way. The design-bid-build process shifts the responsibility and disconnects users from
designers and builders from operators. As a result, we can identify a serious conflict related to the
façade delivery and operation process.
The second conflict is directly related to separate actions of the design team, builders and
operators. As shown in Figure 3, there are several performance requirements for AFs that requires
different types of expertise. There are too many players involved in the value chain of AF. Façade
designers do not collaborate with façade builders. More importantly, building operators cannot
empower building occupants. A major challenge of AF is to monitor their responsiveness and
empower the building occupants. The limited interaction between the user (demand the façade
(response) and the overriding control models of black box BMS systems are serious barriers
that hinders the market uptake of AF. Already, the management of building systems became
increasingly complex in the recent years with the new dynamic and variable controls features of
high performance buildings (Attia 2018b). Facility managers do not have the knowledge and means
to meet occupants’ expectations regarding comfort and satisfaction, which requires a high flexibility
of the response. In most investigated cases of AF, there was a conflict of interest between owners
and occupants regarding the operation of the AF.
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Fig. 3 Adaptive Façade performance requirements and the involved stakeholders
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Fig. 2 a schematic process map of conventional AF delivery

a building with an AF. In most investigated cases of AF projects, owners and building operators
focus in most of the time on the energy savings and the cost effectiveness of maintenance. On the
other hand, occupants are concerned with their satisfaction, productivity or experience in the case
of being customers. With the increase of awareness about the importance of productivity there is
serious need to empower and enable occupants and make sure they gain greater control over their
desk environments (Attia 2018b).
To sum up, the three previously mentioned conflicts require a modern approach to manage
this complex problem. This conflict requires allowing continuous feedback and flexible building
management systems and control software. There is a need to create a balance between running
the facades actuators and responding to user’s needs. Operating AF requires making users central
and requires that BMS should not only respond to operators.

4

Smart Sensing and Control Technology for Adaptive Facades Monitoring
Following the background section on adaptive facades operation conflicts we identify in this section
the components of smart sensing and building control technology. Building controls are normally
instigated with mechanical and electrical and plumbing (MEP) system controls. Additionally, the AF
automation components are part of the overall regulation of the building environment. Therefore, we
wanted to answer two research questions here:

•
•

What are the components of an integrated system of smart sensing and control technology for
adaptive facades monitoring?
What is the architecture/framework of such a system?
In the following section we present the soft and hard components and present an initial proposition
for a framework for smart sensing and control.
1. Data Collection
The data collection for smart sensing of AF is mainly based on conventional or smart sensors.

Fig. 4 Adaptive Facades multiple operation objectives

The third conflict is related to the different interests of stakeholders. Historically, operators are
responsible to control building systems. Building operators want to save on running cost and reduce
the stress of equipment maintenance. However, in most investigated cases (Attia et al. 2018a)
operators alienate occupants by make the building too uncomfortable. This case gets magnified
in workspaces with AF where adaptive responses of building occupants are not addressed. In the
same time, the awareness about well-being and occupant’s feedback and the proliferation of lowcost sensors and interactions devices changed the game rules and allowed to empower occupants.
As shown in Figure 4, there are different aims and actions required in relation to the operation of
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Smart Sensors (Measuring): Smart Sensors can be grouped into three parts: (i) the sensing
element (e.g. resistors, capacitor, transistor, piezo-electric materials, photodiode, etc.), (ii) signal
conditioning and preprocessing (e.g. amplifications, linearization, compensation and filtering),
and (iii) a sensor microprocessor (e.g. on-board microprocessor, wires, plugs and sockets to
communicate with other electronic components) (Kirianaki 2002 and De Paola et al. 2009).
Microelectromechanical systems (MEMS) sensor devices (i) can embody both mechanical and
electrical functions. MEMS can be used to sense and actuate as a reaction to physical or chemical
phenomenon and convert actions into electrical signal for display, processing, transmission and
recording. The sensors’ microprocessor (iii) is used to signals code conversions, calculations and
interfacing functions, which can facilitate decision making functions. Smart sensors are wireless,
with data transmission based on radio frequency (RF) communication.
2. Connection to the Network
Various transmission protocols such as an on/off switching controller, i.e., thermostats, proportionalintegral and proportional-integral-derivative, have been used in BMS (Bernard et al. 1982,
Levenmore 1992, Mathews et al. 2000, Salsbury 1998 and Kasahara et al. 1999).
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5

Processing and Visualization of Data
Building control systems and control models are basic components for AF management.
Actuator (Control): An actuator is a component of a device that is responsible for controlling a
mechanism or system. An actuator requires a control signal and a source of energy. The control
signal is relatively low energy and may be electric voltage or current, pneumatic or hydraulic
pressure. The control system can be simple (a fixed mechanical or electronic system), softwarebased, a human, or any other input (Jang et al. 2013).
Control Algorithms (Computation): The control models are based on preprogrammed decision
algorithms and user-defined algorithms. The control model can have a learning component or
predictive component to control the façade system. The purposed of algorithms is to monitor and
control AF. In closed loop control, the control action from the controller is dependent on feedback
from the process in the form of the value of the process variable (Figure 5). Control algorithms
deals with the control of continuously operating of dynamic facade in engineered processes and
machines. Control algorithms are based on models for controlling AF using a control action in an
optimum manner without delay or overshoot and ensuring control stability.

Fig. 5 a block diagram of a feedback control system using a feedback loop to control the process variable

Voiceover Technology (Control): Voiceover technology is based on control algorithms that can
better control the amount of redundancy and allow users to react and override the automated
operation program.

6

Interaction with Data
As shown in Figure 6, AF smart sensing and control require the collection of data from various
sources, from metering information to contextual data sets (weather, building usage, energy prices
…) as well the interaction of users and operators. The following components are essential to
achieve that.
Building Management System (Processing and Control): A building management system
(BMS), is a computer-based control system installed in buildings that controls and monitors the
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Transmission Protocol (Communication): There exist several protocols for transmitting
data. These protocols are typically met by appropriate requirements. There are many variable
requirements of different sensor data streams and applications. But there are also some basic
functionality that are common, such as registering sensors at a receiver, time stamping of sensor
data as well as synchronization of all nodes. The transmission involves signal conditioning, filtering,
sampling, quantization and processing.

building’s mechanical and electrical equipment such as ventilation, lighting, and shading louvers. A
BMS consists of software and hardware; the software program, usually configured in a hierarchical
manner, can be proprietary, using such modeling protocols.
User Interface and Dashboards: User interfaces are screens that show and interpret the data
to inform the decision making of users and operators. Training and continuous coaching is
recommended for the occupant to make sure they will be able to engage with the façade system.
Investment in soft-landing and educational briefing regarding the operation and interaction with the
operation system are essential (Attia 2018b).
To answer the two questions mentioned earlier, we propose a framework that groups the four
work components and sub-components mention above in one scheme. As shown in Figure
6, the framework identifies the basic components of AF operation and connects them through
an opportune construct. The significance of this framework compared to others is that it can
operate the exchange through a set of sensors and actuators while involving users through direct
interaction. The user involves facility managers and occupants who both provide implicit feedback
that guide the operation and allows predictive control. The suggested framework benefits from
the presence of specialized sensors for monitoring and operating users interactions with the
actuators. The ultimate purpose of such framework is to provide explicit feedback to users about
environmental conditions and allows to facilitate the interaction between the user and the indoor
and outdoor environment and achieve the expected energy saving and carbon reduction.

7

Challenges and future directions
In this section, we present a framework for future POE for AF and suggest a User Interface (UI) for
a dynamic online. Also, we suggest some key recommendations for future POE for AF.
The industry is not ready for adopting AFs. There are successes with smart sensing and control
of dynamic solar shading solution. However, there is a lack of proven systems that live up to their
expected performance promises. The serious conflicts during operation in relation to overheating,
glare and personal control make many users and architects don’t trust the automation of AF. The
control solutions are limited to shading control but there is no established solution that goes beyond
shading. Control strategies do not consider the comfort factors and users interactions and are
more concerned with energy consumption savings. Ensuring thermal comfort and limit set-point
overshoots with energy savings has been investigated in the 1980s on predictive (Chen 2001,
Henze et al. 1997), adaptive (Curtis et al. 1996 and Nesler 1986) and optimal controllers (ZaheerUdin et al. 2000 and Dounis et al. 2001). There has been no industrial development of optimal and
user interaction based controllers followed with the introduction of AF (Shaikh et al. 2014).
The complexity of AF solutions and smart sensing and control technologies is another challenge
that hinders AF for market penetration. Each building with an AF possesses non-linear thermal
behavior related to its dynamic façade technology, construction material, location operation
and climatic conditions. The capability of the self-regulation and adaption of the environmental
conditions in many adaptive facades buildings is non-linear and highly uncertain. Therefore, there
is a need for adaptive and intelligent control techniques to maintain a constant performance of
AF under continuous variations of MEP and occupants control parameters. Additionally, many
stakeholders in the AEC industry are not used to deliver and operate complex solutions such as
AF. The segmented project delivery process and the multiple stakeholder approach is creating a
serious complexity. The low awareness about smart sensing and control technology for adaptive
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The main challenge of the AF community is to come up with a holistic smart sensing and intelligent
control concepts for adaptive control properties and make the full use of the environmental and
energy management potential.

Fig. 6 Adaptive façade framework for smart sensing and control

Finally, our study did not test the proposed framework through a case study but this can be the next
step for future research. More importantly, we defined the basic components of smart sensing and
control and articulated a frame to guide the interaction of different stakeholder.
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facades monitoring among operators reduce their market uptake significantly. The steep learning
curve that operators have to go through is part of this problem.

8

Conclusion
This paper provided a brief introduction to smart sensing and control technologies for adaptive
facades monitoring. We identified a number of the opportunities, as well as some of the associated
challenges. Personal control strategies for AF, occupant comfort, energy management and
occupant experience/satisfaction are currently overly burdensome and often neglected. Smart
sensing and building automation technologies became a necessity that provides building owners,
managers and users a control of AF. Voiceover technologies, where users can interact with
the façade automation system directly and the integration of artificial intelligence in the form of
predictive control models into those façade automation systems are considered as the promising
technology to smart sensing and control technologies for adaptive facades.

9
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The paper presents the first results of research that was partly conducted within the framework of
European COST Action TU1403 – Adaptive Façades Network, on the development of an adaptive
BIPV (Building Integrated Photovoltaic) solution able to change its curvature in relation to the external
environmental conditions, orientating itself in order to optimise the energy production without the aid
of any mechanical and electrical systems. After analysing the characteristics of the main adaptive
materials that are currently used for such applications, the contribution outlines the main features of
the proposed system, which consists of thin film solar cells coupled with a thin layer of hygromorphic
material, manufactured from two wooden slats joined together and produced from different types of
wood and trunk cuts. The hygromorphic layer thus obtained can change its shape as a function of
temperature and relative humidity of outdoor conditions, thanks to the different expansion coefficients
of the two wooden slats. To evaluate the performance of the component, three shape configurations
for the adaptive strips have been assumed. For each hypothesis, the lamellae have been modelled
using the Rhinoceros 5 Software, according to the curvatures taken during the different months of the
year. The Rhino models have been imported into Autodesk Ecotect Analysis to calculate the incident
solar radiation and to study the self-shadowing effect in the various configurations (in relation to the
climatic conditions of the city of Milan). The paper outlines the system and PV energy production
optimisation process, as well as possible applications in the field of façade design.

Keywords: adaptive façades, adaptive component, hygromorpic materials, BIPV technology, wood,
timber
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