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Abstract:

Past studies have demonstrated the remarkable energy-saving effect of vertical greenery systems.
The vast majority of these works focus on opaque building walls. While external shadings on windows
are more effective than these on walls. Inspired by the climbing plants (vines) raised outside windows
by residents, the present study proposed the design of movable green window shading systems (MGWSS)
that can shade beam solar radiation but allows soft daylighting. On the basis of simplified MGWSS
models, experiments were conducted in summer to evaluate the shading performance with three plant
species. First, the energy-saving effect and climatic data were measured for test rooms with west-facing
windows. The results indicated that the presence of green shading reduced the impact of solar radiation
on the cooling energy consumption with the correlation coefficients from 0.94 to 0.61. Then, the shading
coefficient, which is a key parameter for energy saving, was measured by a new technique using
photovoltaic panels. The correlation between the coverage rate and the surface-averaged shading
coefficient was established. The results showed that when the coverage rate of the MGWSS with
Dishcloth gourd was 80%, the shading coefficient was 0.28, and the cooling energy consumption and
heat flux transferred through the window glass were reduced by 11.5% and 64.8%, respectively. The
shading characteristic was investigated using the instantaneous data. It found that stronger ambient solar
radiation resulted in better shading performance (lower shading coefficient). For a west-facing window,

the best shading performance was found at oblique solar incidence angles.

Keywords: Shading coefficient; Vegetative; Vertical greening; Green facade; Energy saving; Solar

shading system

Nomenclature:

Cec Correlation coefficients

Cs Shading coefficients

Cs.loc Local shading coefficients

Cs.savg Surface-averaged shading coefficients
C: (%) Coverage rate (by percentage)
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Q Heat transfer through building envelops

F (m?) Heat transfer surface area

SHGC Solar heat gain coefficients

U (W/(m?K)) Heat transfer coefficients

Te(°C) Ambient air temperature

Ti(°C) Indoor air temperature

he (W/(m2K)) External surface heat transfer coefficient

p Solar radiation absorptivity

E (W/m?) Solar radiation

Ei (W/m?) Solar radiation behind the green shading

Ea (W/m?) Ambient solar radiation on a vertical surface
E: Total solar radiation on the roof surface

V (V) Voltage

o (%) Solar altitude angle

B (°) The angle between the west and the solar azimuth angle
SD Standard deviation

1. Introduction

Building greenery systems provide many environmental benefits to cities, such as improvement in
thermal comfort (Imran et al., 2018; Susorova et al., 2014) and air quality (Abhijith et al., 2017),
reduction of building overheating and energy usage (Alexandri and Jones, 2008; Huang et al., 2019)
(Tang and Zheng, 2019), and enhancement of urban landscape aesthetic. In particular, past studies
demonstrated that vertical greenery systems can considerably cool the surface of the building envelope
and reduce building cooling load in summer.

In recent overviews on developments of vertical greenery systems (Bustami et al., 2018; Pérez et
al., 2014a; Safikhani et al., 2014; Zaid et al., 2018), vertical greenery systems are divided into two main
categories: living walls and green facades. Living walls are constructed from modular panels that contain
soil or other artificial growing mediums (De Masi et al., 2019; Feng and Hewage, 2014; Perini et al.,
2013), while green facades are based on climbing plants that rooted in the ground (Perini and Rosasco,
2013). Compared to living walls, green facades have the advantage that they could cover not only the
fagcade opaque area but also the windows (Pérez et al., 2014a). External shading on windows is a key
design feature for energy saving (Ebrahimpour and Maerefat, 2011; Haldi and Robinson, 2010; Hamdan,
1994; Kirimtat et al., 2016), which is more effective than shading on walls. However, the vast majority
of the experimental studies have focused on vertical green systems for opaque building walls without

openings. Only a few studies explored its application for windows (Ip et al., 2004; Sunakorn and


https://doi.org/10.1016/j.jclepro.2020.120708

Postprint: Xing Zheng, Tianchen Dai, Mingfang Tang, An experimental study of vertical greenery systems for window
shading for energy saving in summer, Journal of Cleaner Production, Volume 259, 2020, 120708, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2020.120708.

Yimprayoon, 2011). In addition, these greenery shading devices for windows were heavy and not
movable, which limit their application. Thus, there is a great need for more research into the potential
for using vegetation for window shading.

The present study proposes a design of movable green window shading systems (MGWSS).
Simplified models of MGWSS were built for experimental use. Three plant species were evaluated. A
new technology using PV panels was developed to measure the shading performance. The reduction of
cooling energy consumption by MGWSS was studied, and the correlation between the shading
coefficient and coverage ratio was established. The rest of the paper is organized as follows. Section 2
starts from the literature on the thermal performance of green facades, then an overview of green shading
for windows is presented. Section 3 introduces the design of MGWSS, measurement technique and the
experimental steps. Section 4 analyzes the measured results. Discussion and limitations are presented in

Section 5 and finally, Section 6 provides conclusions.

2. Literature review

More papers on general green facades have been found than specific on windows. Since they do
share some similar features in perspectives of mechanism, research on green facades is also useful for

investigation on windows. Thus a review starts from the thermal performance of green facades.

2.1 Thermal performance of green facades

Many studies reported that green facades could reduce the surface temperature behind (Cuce, 2017,
G. Pérez et al., 2011; Stec et al., 2005; Wong et al., 2010) and heat flux (Sudimac et al., 2019; Susorova
et al., 2014) that transferred through the building envelope. Past studies showed the main cooling
mechanism is the interception of solar radiation produced by the plant canopy (Hoelscher et al., 2016;
Koyama et al., 2015; Papadakis et al., 2001; Gabriel Pérez et al., 2011; Yang et al., 2017). Compared
with conventional shading material such as metal or plastic, plants have an extra function of transpiration
and could maintain a low surface temperature under the sun. While conventional material can have high
surface temperature and impose strong heat radiation into the interior space. For example, Stec et al.
(Stec et al., 2005) examined the thermal performance of a double-glazed facade with live plants and
shading blinds in the cavity, the increase of the back wall surface temperature with plants was found to
be 20% lower than that with shading blinds.

The thermal performance of green fagades depends on many factors such as the orientation (Jim,
2015; Pan et al., 2018), the plant characteristic, and the construction of green fagcades. An experimental
study conducted in Hong Kong indicated a west-facing green facade had the highest capacity in the
surface temperature reduction (Pan et al., 2018). Experimental studies performed in Greece

(Eumorfopoulou and Kontoleon, 2009; Kontoleon and Eumorfopoulou, 2010) proved that the influence
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of a green cover on the wall surface was pronounced for east-oriented and west-oriented surfaces.
Similar results were found in Chicago, USA (Susorova et al., 2014).

Another important factor that affects the thermal performance of green facades is the plant
characteristic, which is mainly the density of the foliage. One of the indexes to characterize the density
of the foliage is the Leaf area index (LAI). Traditionally, the concept of LAI has been used in agriculture
and its calculation was done in horizontal (Pérez et al., 2014a). For a vertical green facade, the LAl was
widely estimated as the projected area of leaves per unit area of the vertical wall surface. Another index
broadly applied to characterize the canopy foliage density was coverage rate (C;), which was the
percentage of the area covered by plants to the total area (Koyama et al., 2013). Compared with LAI, C,
is easier to be measured. Kontoleon and Eumorfopoulou (Kontoleon and Eumorfopoulou, 2010) found
that the indoor air temperature decreased with the increase of C, for a building with a green facade.
Koyama et al. (Koyama et al., 2013) investigated five vine plant species located on freestanding walls
and found that the C, was the key trait reducing the wall surface temperature. Significant positive
relationships between the C; and the temperature reduction by the green screens were found, ranging
from 3.7 °C to 11.3 °C, with the C, from 15% to 54%. These studies demonstrated that the thermal
performance of the green facade is highly depended on C..

The thermal performance of green fagcades also depends on its construction, which can be
categorized into two types: traditional green fagades and double-skin green facades (Pérez et al., 2014a).
Traditional green fagades are the ones in which plants are attached to the walls directly. While double-
skin green facades, namely indirect green facades in a few literature (Bustami et al., 2018; Perini et al.,
2011), have an extra vertical support structure for climbing plants, therefore, cover the fagades but
separated from building walls (Ling and Chiang, 2018; Pérez et al., 2014a). Perini et al. (Perini et al.,
2011) found that a double-skin green facade reduced the building's exterior surface temperature by
2.7 °C, which was 1.5 °C more than a traditional green facade. Moreover, the double-skin green facades

have the advantage that they could also cover windows (Pérez et al., 2014a).

2.2 Greenery shading for windows

An experimental study (Sunakorn and Yimprayoon, 2011) using climbing plants as a vertical
window shading for a natural ventilated building showed that the difference of indoor air temperature
between the test room with green shading and the reference room without shading was 4.71 °C at
maximum, and 0.89 °C on average in a daytime. Another experiment on green shading for windows
demonstrated a reduction of peak summer temperature by 4-6 °C (Ip et al., 2004). These studies
evaluated the passive cooling effect by green shading on windows; however, the energy-saving effect

has not yet been measured.
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Shading coefficient (C;) is an index that represents the proportion of the solar radiation received in
front of the shading to the solar radiation received behind (Chartered Institution of Building Services
Engineers., 2006). It has been widely used to evaluate the window shading devices for building thermal
design. For common shading devices made of metal or wood with fixed geometry, the solar gain behind
the shading devices can be calculated (Palmero-Marrero and Oliveira, 2010; Singh et al., 2016) and the
corresponding Cs can be obtained (David et al., 2011). However, this is not the case for vertical green
systems because of the free grown shape of the canopy. Existing numerical studies have made
assumptions on the value of the shading coefficient for vertical green systems (Pérez et al., 2014b;
Susorova et al., 2013). For example, a numerical study (Wong et al., 2009) assumed the shading
coefficient of the green coverage of 0.041, and it found that the greenery coverage reduced the envelope
thermal transfer value of a glazed building by 40.68%. A direct way to evaluate the shading performance
of plants is on-site measurement (G. Pérez et al., 2011; Gabriel Pérez et al., 2011; Pérez et al., 2014a).
Lpetal. (Ip etal., 2010) performed a pioneer experimental study on Cs for windows shading by climbing
plants. The solar radiation in front and behind the green shading was measured by pyranometer (solar
flux sensors) for one year. The measured data were applied to establish the shading coefficient function,
which represented the seasonal variation of shading performance during the biological cycle of an entire
year.

The extant literature above indicates research gaps related to green shading for windows mainly in
three aspects: (1) The shading effect from the green canopy can vary locally and be inhomogeneous
because of foliage characteristics. In the past, solar radiation behind window green shading has been
measured by points with pyranometers or radiometers (Ip et al., 2010), which could not capture either
the surface-averaged or the distribution of solar radiation behind the green shading. Developments of
new measurement techniques are needed. (2) Past studies on green facades have shown the relationship
between C; and surface cooling effect for oblique walls, while C is a fundamental index for window
shading performance. Correlation between C;and C; has not yet been investigated. (3) Past study on the
cooling energy-saving effect by window green shading was based on numerical simulations with
assumed values of Cs (Wong et al., 2009). Experimental evaluation of the cooling energy-saving effect

has not yet been conducted.
3. Material and method

3.1 Plant species

Suitable plant species are important in enhancing the energy benefits of vertical greeny systems
(Dahanayake et al., 2017). In the present study, the species were selected based on the literature and also
our local observation. Fig. 1 shows the climbing plants raised outside windows by local residents in

Chongging. Chongging is located in the hot-summer-cold-winter region in southwest China (29.6N,
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106.5E). As the extreme air temperature in summer could reach 43 °C, the solar shading effect of these
“self-built green shading” is considerable during sunny summer days. Dishcloth gourd (Figs. 1a and b)
and Morning glory (Fig. 1c) are the main species raised by local residents that observed in Chongging
city. They can shade the beam solar radiation and dazzle but allow soft day lighting. Moreover,
Dishcloth gourd was examined as a shading material for vine sunscreen in an experimental study
(Hoyano, 1988). Morning glory has been widely used for green fagades in Asia (Koyama et al., 2013).
Another species commonly found in southwest China is Malabar spinach, which can be used as

vegetables and traditional Chinese medicine. In the present study, the three species: Morning glory,

Malabar spinach, and Dishcloth gourd were selected as shading plants.

‘\“‘ ;‘"“ Y S —— -—M "- i = pl.
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Fig. 1. Climbing plants raised outside windows by residents: (a—b) Morning glory and (c) Dishcloth gourd.

3.2 Design of MGWSS and simplified models

As stated before, most of the existing green shading devices were fixed and not movable, which
limits their application. To improve the adjustability and movability, we designed movable green
window shading systems (MGWSS). Two types of MGWSS are shown in Figs. 2a and b, respectively.
Both systems are fixed to building walls with supporting frameworks made of aluminum alloy.
Lightweight planting technology provides the possibility of a constructive solution for window shading
using vegetation. Type A slides horizontally, whereas type B slides vertically. The detailed construction
of type A is illustrated in Figs. 2c and d. The main component of MGWSS (type A) is a sliding planting
module, which can slip on a track to switch from shading to un-shading. The sliding planting module
includes a lightweight planter box and a single-layer wire net. The lightweight planter has substrates

inside, and the plant is supported by the wire net. An irrigation system is connected to the planter box.
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C dl:l

Wire net Planter box

Fig. 2. Movable green window shading systems: (a) type A, (b) type B, (c) detailed drawing of type A, and (d)
section drawing of type A.

We built simplified models of MGWSS for experimental use. These models of MGWSS were
composed of planter boxes and a stainless steel framework with the single-layer supporting net. The
simplified models represented the MGWSS at the shading status. The size of the plant supporting net
was 1.3 mx1.4 m, which was sufficient to cover a normal window.

In the present experiment, these plants were transplanted into the planter boxes in early July
(Figs. 3a-c). Then, they climbed on the net and became green shading materials (Figs. 3d-f).
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§

Fig. 3. Plants in the simplified models of MGWSS in early July: (a) Dishcloth gourd (b) Malabar spinach,
(c) Morning glory, and (d)—(f) same in August.

3.3 Experimental site

The experiment was conducted on the building roof of the Faculty of Architecture and Urban
Planning in Chongging University campus (29.6°N, 106.5°E), Chongging, China. Two identical
lightweight rooms on the roof of the faculty building (Fig. 4a) were used. The windows facing the west
and there was no building or object in front. The distance between the two rooms ensured that they
would not shade each other in summer days. Each room had a dimension of D x W xH=24mx 2.4
mx 2.5 m, installed with the same wall-mounted air conditioners. The input power of the air conditioners
was 1,080 W, with a cooling capacity of 3,250W. The opaque envelopes of the rooms were constructed
by thermal insulation sandwich boards, made of polyethylene foam (conductivity 0.042 W-m™K™). The
total thickness of the wall and roof were 50 mm and 100 mm, respectively. The heat transfer coefficients
of the wall and the roof were 0.75 Wm?K™ and 0.40 Wm2#K™ respectively. The windows of both
rooms had a size of 1.2 m x 1.2 m, composed of 6 mm single pane clear glass (SHGC (Solar heat gain
coefficient) = 0.82, Solar transmittance = 0.93, thermal transmittance 5.7 = Wm2K™).

Note that the model was not fixed on the window. When the MGWSS models were placed in front
of the window, soft daylight and preferable interior visual views were achieved (Fig. 4b).


https://doi.org/10.1016/j.jclepro.2020.120708

Postprint: Xing Zheng, Tianchen Dai, Mingfang Tang, An experimental study of vertical greenery systems for window
shading for energy saving in summer, Journal of Cleaner Production, Volume 259, 2020, 120708, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2020.120708.

Fig. 4. (a) Lightweight rooms and (b) interior view of Malabar spinach shading.

3.4 Measurement step

Three main experiments were planned: (1) Experiment of cooling energy consumption and heat
flux for the west-facing windows (detailed in 3.4.1), in which the cooling energy consumption and heat
flux transferred through the window glass were measured simultaneously. (2) The experiment of shading
coefficient for the west-facing windows (detailed in 3.4.2), in which the ambient solar radiation and the
local solar radiation behind the green shading were measured to quantify the shading coefficient. (3)
Solar tracking experiment of shading coefficient (detailed in 3.4.3). Experiments (1) and (2) were for
the west-facing windows since the west is a critical orientation for building glaze. Table 1 lists the details
of the equipment used in the three experiments.

Table 1. Instrumental specifications

Equipment Type Variable Accuracy

PV panel 6VBOMA Voltage (V) -

Pyranometer S-LIB-M003 Solar radiation (W/m?) + 10 W/m? or £ 5%
Data acquisition meter Agilent 34970A - -

Heat flux sensor WYP Heat flux (W/m?)) +3%
Thermocouple T Temperatures (°C) 1+0.3°C

3.4.1 Experiment of cooling energy consumption and heat flux for the west-facing windows

This experiment aims at measuring the cooling energy consumption and heat flux transferred
through the window glass. Cooling energy consumption and heat flux were measured by placing the
model of MGWSS in front of the test room (Fig. 5a), two species were considered: (1) Dishcloth gourd
and (2) Malabar spinach. Two reference conditions were considered: (1) window without shading and
(2) window fully covered with a louver shading (Fig. 5c). For the window without shading, the Cs can
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be considered as 1. The window fully covered with louver shading represents the maximum shading
effect with C; of 0.

Due to the presence of green canopy, some parts of the glass surface may receive more heat flux
and some parts may receive less. One heat flux sensor can only measure the heat flux transferred through
a small area. To eliminate the potential inhomogeneity, 12 heat flux sensors were pasted in 4 rows and
3 columns on the inner window glass surface (Figs. 5a and b). The size of each sensor was 100 mmx100
mm. The horizontal and vertical distances between the two sensors were 120 mm and 40 mm. The results
were averaged from the 12 sensors and reported in reminders of this paper.

To monitor the indoor air temperature, thermocouples were situated at the center of the rooms. All
the heat flux sensors and thermocouples were connected with a 34970A data acquisition system, and the
data were collected every 1 min. A weather station was placed on the open area to monitor the outdoor
meteorological data.

This experiment was performing in August. During the experiment, the air conditioners were
switched on with the set temperature of 22 °C. The cooling energy consumption was recorded during

the experiment.
a b

]

|. 4 X 3 Heat flux sensors

[ ]
1.3m

1mD| [ ]

Fig. 5. (2) Construction of the test room, (b) heat flux sensors, and (c) window fully covered with louver

Thermocouple

shading

Past studies demonstrated that the shading performance was highly correlated with solar radiation.
For example, the cooling effect was observed when the solar radiation excessed 100 W/m? (Koyama et
al., 2013), and a threshold solar intensity of about 300 W/m? was found to be necessary to impart a
notable cooling-effect (Jim, 2015). In summer sunny days, beam solar radiation on the west vertical
plane (surface of the west-facing window) starts from around 12:00 PM with the radiation larger than
100 W/m?. As the two rooms were constructed of lightweight insulation material with small thermal
inertia, the heat flux transferred into the room was generally simultaneous with the cooling energy

consumption. Moreover, our test on the reference room showed that 80% of the daily heat flux that

10
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transferred through the window happened during 12:00-18:00 PM. Therefore, the results obtained from
12:00 to 18:00 PM were used for analysis.

3.4.2 Experiment of shading coefficients for the west-facing windows

A new measuring technique was developed using photovoltaic (PV) panels to obtain the local
shading coefficient. Given that photovoltaic (PV) panels convert solar energy into electrical energy,
solar radiation could be measured by PV panels indirectly. The detail of this technique and a calibration
experiment will be presented in section 3.4.4.

A measuring board was made of a PV panel array and a supporting frame. We divided the central
area within the frame into 7x5 parts. Then, 35 PV panels were fixed on the frame with taps
correspondingly (Figs. 6a and b). The size of each PV panel was 100 mmx60 mm. The horizontal and
vertical distances between two PV panels were 20 mm. The PV array on the measuring board could
measure the solar radiation in an area of 540 mmx580 mm. Three additional PV panels were installed

on the top of the measuring board to measure the ambient solar radiation on the vertical plane (Fig. 7a).

C
Column1 2 3 4 56 7

Row 1 I tepet

Row 2

Row 3

Row 4

Row 5 J
lower

Fig. 6. Measuring board: (a) back, (b) front, and (c) division of the measuring area.

The measuring board was positioned close to the window, ensuring that the PV array would be
located near the central area of the window. Then, the model of MGWSS was placed 200 mm in front
of the measuring board to guarantee that direct sunlights could not reach the PV array through the lateral
gaps (Fig. 7). All the PV panels were connected with the data acquisition system, and the data were
collected every 1 min. The experiment was conducted in the afternoon, the data recording started from
13:00 PM and ended after the sunset. The three species were measured alternately in daily rounds from
August to October. During the experimental period, the substrate was watered once a day.

11
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{
j
| ”ﬂu I

Fig. 7 (a) Construction of the test room and location of PV panels in the experiment for west-facing windows. (b)

7 X 5PV array

J 3 PV panels

0.1m

Side view of the measuring board and the model of MGWSS. (c) Interior view of the measuring board and the
model of MGWSS.

3.4.3 Solar tracking experiment of shading coefficient

The solar tracking experiment of the shading coefficient was conducted without fixing the
orientation. The goal was to explorer the shading coefficient when the solar azimuth angle is
perpendicular to the window. The model of MGWSS was placed in front of the measuring board that
mentioned in 3.4.2. We kept the model of MGWSS and the measuring board facing the sun by turning
their orientation together by hands every half hour, to keep the board nearly perpendicular to the solar
azimuth angle during the measurement. This solar tracking experiment was only performed for
Dishcloth gourd from 10:00 AM to 16:00 PM on a sunny day (August 14).

3.4.4 Calibration experiment and conversion of shading coefficients
Photovoltaic (PV) panels convert solar energy into electrical energy. On the basis of the

photoelectric effect, the relationship between the solar radiation and the output power of PV cells is

expressed in Eq. (1) (Skoplaki and Palyvos, 2009):

P= AncE, (1)

where P is the output power, A is the aperture area of PV panel (m?), and E is the solar radiation.
The electrical efficiency 1 is a constant, following the previous study that assumed the familiar linear
form (Skoplaki and Palyvos, 2009). Given that the output power of a PV panel can be monitored by the
voltmeter, a calibration experiment was conducted to obtain the correlation between the output voltage
and the solar radiation. First, we placed a PV panel and a pyranometer at the same height facing the
west, therefore, the PV panel and the pyranometer could receive the same solar radiation. Then, we
measured the output voltage of each PV panel with a data acquisition instrument on a sunny afternoon.

12
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Synchronously, the solar radiation was recorded by the pyranometer. Then, calibrations were made for
each panel at the same time. Fig. 8a shows the linear correlation between solar radiation and the voltage
(V) from one of the PV panels. It observed that the solar radiation ranged from 150 W/m? to 600 W/m?
during that afternoon. The voltage (V) from that PV panel and solar radiation from the pyranometer
showed a strong positive linear correlation (by the orange dashed line) with R? of 0.992. Then, the
voltage was converted into solar radiation and compared with the solar radiation from pyranometer in
Fig. 8b. For all these panels, the average relative deviation between the solar radiations obtained from
PV panels and measured by pyranometer ranged from 1.1% to 5.3%. This calibration experiment proved

that PV panels could be used to measure the solar radiation on a surface with acceptable accuracy.
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Fig. 8 (a) Linear correlation between voltage (V) from a PV panel and solar radiation from pyranometer and (b)
Solar radiation measured by pyranometer and solar radiation calculated from the PV output during the

calibration experiment.

On the basis of the linear correlation from the calibration experiment, ambient solar radiation on
the vertical plane was converted from the measured voltage (V) from the three additional PV panels
installed on the top. The local solar radiation behind the green shading was converted from the PV array.
Following the generally accepted definition (David et al., 2011; Ip et al., 2010), local shading coefficient
(Cs.ioc) was defined as:

E;
Csioc = E_a, 2)

Where E, was ambient solar radiation on the surface and E; was the solar radiation behind the green
shading. The surface-averaged shading coefficient (Cssavg) Was calculated by averaging Cs.oc from the
35 panels, as defined in Eqg. (3)

EE1ED/35
Cs.s.avg = 1E—a, 3)
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3.4.5 Conversion of coverage rate

A whiteboard was cropped depending on the opening size of the window. We placed the simplified
models with plants in front of the whiteboard and took a picture from a far distance. Then, the photos
were converted into binary images to identify the coverage rate by percentage (C;) (Ip et al., 2010;
Koyama et al., 2015, 2013). Fig. 9 presents an example. In this way, C,was measured during the growth
of plants.

Fig. 9 Conversion of the coverage rate.

4, Results

4.1 Cooling energy saving and reduction of heat flux

In the present experiment, the cooling energy consumption comes from the heat transfer through
building envelops (Q), which includes three parts: (1) heat transfer through the roof (Qrer), (2) heat

transfer through walls (Qwan), and (3) heat transfer through the window (Quindows):

Q= Qroof + Qwau + Qwindow 4

The heat transfer through the roof (Qroor) can be represented as:

Qroof = FroofUroof(pEr/he + Te - Ti) = FroofUrooprr/he + FroofUroof(Te - Ti) (5)

Where, Froofis the heat transfer surface area of the roof; Ui is the heat transfer coefficients of the
roof; Te and T; is the ambient and indoor air temperature, respectively; E; is the total solar radiation on
the roof surface; p is the solar radiation absorptivity, he is external surface heat transfer coefficient

(W/m2K). Similar, the heat transfer through the walls can be represented as follows:

Qwall = Uwall Zk Fwall.kaa.k/he + Uwall(Te - Ti) Zk Fwall.k (6)
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Where Uwan is the heat transfer coefficients of walls; Fwanx is the heat transfer surface area of each
wall; Eak is the total solar radiation incident on the surface of each wall. Heat transfer through the

windows can be represented as follows:

Qwindow = Fwindow CsEaSHGC + FyingowUwinaow (Te — T;) (7)

Where Fuindow IS the heat transfer surface area of the window; SHGC is the solar heat gain coefficient;
Uuwindow IS the heat transfer coefficients of the window; Csis the window shading coefficients (Cs=1 means
window without any shading). Egs. 5, 6 and 7 indicate that the cooling energy consumption and heat
flux not only relate to the two climatic factors (i) indoor-outdoor air temperature difference and (ii)

ambient solar radiation, but also the window shading coefficients.

4.1.1 Correlation analyses with climatic factors

The experiment of cooling energy consumption and heat flux for the west windows was conducted
in August. As mentioned in 3.4.1, four window conditions are considered: (1) green shading with
Dishcloth gourd, (2) green shading with Malabar spinach, (3) fully shading with louver and (4) without
shading. Data from 12 discontinuous sunny days are picked out and subsequently averaged on a daily
basis between 12:00-18:00 PM. As the cooling energy consumption and heat flux transferred through
envelops are related to two climatic factors, correlation analyses with the climatic factors were
performed. Figs. 10a b ¢ and d scatter the solar radiation and cooling energy consumption, indoor-
outdoor air temperature difference and cooling energy consumption, solar radiation and heat flux, and
indoor-outdoor air temperature difference and heat flux, respectively. Tables 2 and 3 summarized the
correlation coefficients (C) between the cooling energy consumption and climatic factors, and heat flux
and climatic factors, respectively. Three scenarios are taken into account: (1) without shading, (2) fully
shading with louver and (3) green shading with Malabar spinach. Note that there are only 3 days’ data
from Dishcloth gourd, therefore, the correlation coefficients are not calculated for green shading with
Dishcloth gourd.

For the scenario without shading, the cooling energy consumption was highly correlated with the
indoor-outdoor air temperature difference and the ambient solar radiation (Blue points in Figs. 10a and
b), with the C. of 0.92 and 0.94 (Table. 2), respectively. Figs. 10a and ¢ show that cooling energy
consumption and heat flux increased dramatically with solar radiation.

The presence of green shading (Malabar spinach and dishcloth gourd) reduced heat flux transferred
through the window (Figs. 10c and d). Moreover, it decreased the impact of solar radiation and indoor-

outdoor air temperature difference on the cooling energy consumption (Figs. 10a and b). Table 2 shows
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that for the room with Malabar spinach shading, the correlation of cooling energy consumption with
solar radiation (C. = 0.61) was weaker than with indoor-outdoor air temperature difference (C. = 0.79).
Table 3 shows the green shading reduced the impacts of ambient solar radiation and indoor-outdoor air
temperature difference on the heat flux. This is not only because it shaded the solar radiation, but also
because the temperature of the green canopy was low. Fig. 10a indicates that when the solar radiation
was higher than 300 W/m?, the cooling energy consumption of the room with green shading was always
lower than the room without shading, which is in line with a past study (Jim, 2015).

When the window was fully covered by shading louver, the heat flux transferred through the
window is significantly reduced (Figs. 10c and d). Table 2 shows that cooling energy consumption was
weakly correlated with solar radiation (C. = 0.24), while it was strongly correlated with the indoor-
outdoor air temperature difference (C. = 0.96). This is because the Cs of the fully shading equal to 0,
therefore, dramatically reduced the impact of solar radiation on cooling energy consumption, and the
indoor-outdoor air temperature difference becomes the dominating factor. A bit stronger correlation of
heat flux with solar radiation (C. = 0.36) was observed in Table 3. This is because the solar radiation
raises the louver surface temperature, therefore, imposes thermal radiation and increases the transmitted
heat flux.
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Fig. 10. Scatterplot of averaged (a) solar radiation and cooling energy consumption, (b) indoor-outdoor air
temperature difference and cooling energy consumption, (c) solar radiation and heat flux, and (d) indoor-outdoor

air temperature difference and heat flux

Table 2. Correlation coefficients between the cooling energy consumption and climatic factors

Cooling energy consumption

_ . ] Green shading
Without shading Fully shading .
(Malabar spinach)
Ambient solar radiation (on the west
. 0.94 0.24 0.61
vertical plane)
Indoor-outdoor air temperature difference 0.92 0.96 0.79

Table 3. Correlation coefficients between the heat flux and Climatic factors

Heat flux
. . . Green shading
Without shading Fully shading .
(Malabar spinach)
Ambient solar radiation (on the west
) 0.85 0.36 0.73
vertical plane)
Indoor-outdoor air temperature difference 0.89 0.66 0.75

4.1.2 Performance of green shading

Based on the data obtained between 12:00-18:00 PM from a sunny day (August 28), a detailed
analysis on the performance of the green shading is conducted. On that day, the test room was equipped
with Dishcloth gourd shading and the reference room without shading. Fig. 11 shows the instantaneous
indoor and outdoor air temperatures and heat flux transferred through the window glass. It indicates that
the indoor air temperatures suffered from fluctuation, while the time-averaged indoor air temperatures
of the two rooms were kept close to each other by 22.7 C° by the air conditioners. The measured heat
fluxes transferred through the window glass of the two rooms are illustrated in Fig. 11. It can be seen
that the strong heat flux transferred through the window without shading reached a maximum of 147
W/m? at 16:00 PM. For the window with green shading, less transmitted heat flux was observed, and
the peak hour was observed between 14:00 and 15:00 PM. Table 4 summarises the cooling energy
consumption and average transmitted heat flux of the windows in two rooms, and the percentage
reduction by green shading. It shows that cooling energy consumption was reduced by 11.45%, and the
heat flux transferred through the window glass was reduced by 64.84%.

The reduction of transmitted heat flux and cooling energy consumption presented above mainly
came from the interception of solar radiation by the plant canopy, e.g. the shading effects. The following

sections will investigate the shading performance using Cs.
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Table 4. The measured data of the two rooms and reduction by green shading (averaged from 12:00 to 18:00 PM)

Room without shading Room with shading  Reduction percentage
Cooling energy consumption (kWh) 3.32 2.94 11.45%
Average transmitted heat flux through the
98.7 347 64.84%

window glass(W/m?)

a
T T T T T T T T T T T T T
. 40 | e - - > > 7
[0}
:3, 30 B
® L .
9 20 AN NN Sotf iz ks
= Indoor air temperature of room without shading 4
L 40 b =1Indoor air temperature of room with shading i
.3: = Qutdoor air temperature
0 1 R 1 L 1 L 1 L 1 L 1 N 1
b 12:00 13:00 14:00 15:00 16:00 17:00 18:00
160 B 1 N T v T v 1 N 1 N 1 N T %
N’E\ - Room with shading
=120 == ROOM without shading |
=3
x L
= 80 -
.g I .
| M/vwxw 7
0 ] s ] . ] . ] . 1 . 1 . 1
12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time

Fig. 11. Measured instantaneous (a) indoor and outdoor air temperatures and (b) transmitted heat flux on August
28.

4.2 Impact of coverage rates on shading coefficients

The experiment of the shading coefficient for the west-facing windows was conducted in the
process of plant growth from August to October. Data from sunny days were picked out to explore the
correlation between coverage rates (C;) and shading coefficient (Cs). Using the approach described in
Section 3.4.5, the C; was extracted from the pictures. The values of surface-averaged shading
coefficients (Cssavg) Were calculated using Eq. (3) and averaged on a daily basis. The obtained Cssavg
and C, are scattered in Fig. 12. Given that zero coverage rate (0%) always yielded Css.avg vValue of 1, one
point was added for each case (the top left corner of Figs. 12a, b, and c). On the basis of these points,
strong exponential correlations were obtained. The regression equations for the three species are

expressed as follows:

Dishcloth gourd:  Cs 54y = 1.0081e70016¢ (R? = 0.958) (8)
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Fig. 12. Shading coefficient for different coverage rates and exponential regression of (a) Dishcloth gourd, (b)

Malabar spinach, and (c) Morning glory.

Based on the equations above, the Cs can be easily calculated with the measured C; for the three
species. On August 28, the measured C, of Dishcloth gourd was 80%. Based on equation (8), the Cs was
0.28, and the corresponding reduction of cooling energy consumption and heat flux transferred through
the window glass were 11.45% and 64.84%, respectively (Table 4).

4.3 Impact of solar radiation and solar angle on shading coefficient

The results above summarized a general feature of green shading. In the following sections, detailed

characteristics of the three species will be investigated using instantaneous data.

4.3.1 Solar tracking experiment

Fig. 13a shows the shading coefficient, ambient solar radiation, and solar radiation behind green
shading obtained from the solar tracking experiment for Dishcloth gourd on August 14. The solar
radiation on the vertical surface decreased from 10:00 AM, reached the minimum and then increased.
The turning point was at noon around 13:20 PM. The measured shading coefficient showed the opposite
tendency, which increased from 10:00 AM in the morning and decreased from 13:20 PM in the afternoon.
The maximum shading coefficient was observed at noon. Fig. 13b illustrates the scatterplot of shading
coefficient and ambient solar radiation, which are colored by two phases depending on the ascending
and the descending of solar radiation. In general, solar radiation was negatively correlated with the
shading coefficient. In addition, no evident difference was found between the ascending phase (before
13:20 PM) and the descending phase (after 13:20 PM).
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Fig. 13. Measured (a) instantaneous surface-averaged shading coefficient, ambient solar radiation, and solar
radiation behind the green shading; (b) scatterplot of shading coefficient and ambient solar radiation on August

14 from solar tracking experiment.

On sunny days, solar radiation received on a facade depends on the angle between the direct
sunlight and the surface (Mingfang, 2002). For common shading devices with a fixed geometry, the
instantaneous shading coefficient is changing with the solar position. It is possible that there is a similar
tendency exists for green shading. In this case, we explored the relationship between the green shading
coefficient and the solar position. The solar position relevant to the MGWSS model can be qualified by
two angles: (1) the solar altitude (namely o) and (2) the angle between the solar azimuth and the surface
normal of MGWSS plane (namely B) (see Fig. 14b). In the solar tracking experiment, the orientation
was turned every half hour to follow the sun. Note that it could not control the MGWSS model always
exactly perpendicular to the solar azimuth angle, but it keeps  very small. Therefore, the solar position
was mainly decided by the altitude (o) during this solar tracking experiment. Fig. 14a shows the
measured shading coefficient and altitude (o) on August 14. o was calculated according to the date and
location. It indicates that high o generally led to large shading coefficient, which means the solar shading

ability was weaker for the sun at a higher altitude than at a lower altitude.
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4.3.2 Experiment for west-facing windows

Measured data from the experiment of the shading coefficient for west-facing windows were used
for investigation. The successive sunny days from October 6, 7 and 8 were suitable for comparative
study. Experiments on October 6, 7, and 8 were conducted for Malabar spinach, Dishcloth gourd, and
Morning glory, respectively. Fig. 15 illustrates the status of the three species in this experiment. Figs.
164, ¢, and e show the measured shading coefficient, ambient solar radiation, and surface-averaged solar
radiation behind the green shading. They indicated that the ambient solar radiation on the west wall first
rose and then declined. The peak solar radiation was observed between 15:00 PM and 16:00 PM.

Fig. 15. Status of the three species in the experiment for west-facing windows: (a) Dishcloth gourd on October 8,

(b) Malabar spinach on October 6, and (c) Morning glory on October 7.
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Fig. 16. Measured results from the shading experiment for west-facing windows: (a) instantaneous surface-
averaged shading coefficient, ambient solar radiation, and solar radiation behind the green shading; (b) scatter
plot of shading coefficient and ambient solar radiation for Dishcloth gourd in the on October 8. (c-d) same for

Malabar spinach on October 6: (e-f) same for Morning glory on October 7

Figs. 16b, d, and f illustrate the scatterplots of the shading coefficient and ambient solar radiation.
The data are colored by the two phases depending on the ascending and descending of solar radiation,
which is divided by the approximate turning points (shown by the dashed line).

Generally, stronger solar radiation led to better shading performance (lower shading coefficient).
This was the same as the solar tracking experiment, and generally in line with a past experimental finding
that the surface cooling effect by a green facade increases with solar radiation (Kokogiannakis et al.,
2019). However, large discrepancies were observed between the ascending and descending phases when

solar radiation was the same. For Dishcloth gourd, lower Cs;s.avgWas observed at the descending phase
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than at the ascending phase (Fig. 16b). By contrast, larger Cs;s.avgWas found at the descending phase than
at the ascending phase for Malabar spinach and Morning glory (Figs. 16d and f). The possible reason is

that the solar position was different when solar radiation was the same.
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Fig. 17. Measured instantaneous surface-averaged shading coefficient, o, and  of (a) Dishcloth gourd on
October 8, (b) Malabar spinach on October 6, (c) Morning glory on October 7, from the experiments for west-

facing windows.

As mentioned in Section 4.3.1, solar radiation on a fagade on sunny days depends on o and 3, which
were calculated according to the experimental date and time. Figs. 17a-c show the measured shading
coefficient, a, and B in shading experiment for the west-facing windows for Dishcloth gourd, Malabar
spinach, and Morning glory, respectively. The measurement started at 13:00 PM. At this time,  was
approximately 83°, and a low ambient solar radiation on the west surface is observed (also see in Figs.
16a c and e). The shading coefficients of the three species decreased first and then increased. For
example, Cssavg Of Dishcloth gourd stopped decreasing and stabilized at 14:15 PM when o and 3 were

48° and 53°, respectively, then, increased at 16:10 when o and 3 reached 30° and 25°, respectively. For
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Malabar spinach and Morning glory, the points of turning up were observed at a high angle: the turning
points of o were 46° and 55°, and 3 were 46° and 48°, respectively.

These results demonstrated that the lowest shading coefficient was found at an oblique solar
incidence angle. When the solar position approaching the west, which means o and 3 approaching 0°,
the shading coefficient increased. In this case, Malabar spinach and Morning glory were more sensitive
than Dishcloth gourd that had low Css.avg in the second phase (Fig. 16b). It indicated that Dishcloth gourd

had a stronger shading ability for perpendicular sunlight than the two other species.

4.4 Distribution of shading coefficients for west-facing windows

Local solar radiation behind green shading (Ei) was measured by the 35 PV panels. Csjoc Was
calculated by substituting local E; into Eq. (2). Similar to Section 4.3.2, data from October 6 to 8 were
applied for analysis. Fig. 18 shows the distribution of the time-averaged shading coefficient of the three
species. Note that the data from each PV panel is shown by one point in this figure, therefore, 5x7 points
in total. The surface-averaged shading coefficients (Cssag) Were 0.204, 0.189, and 0.201 with standard
deviation (SD) of 0.024, 0.011, and 0.025 for Dishcloth gourd, Malabar spinach, and Morning glory,
respectively (Table 5). It indicated the strong inhomogeneous distribution of shading coefficients for

Dishcloth gourd and Morning glory.

Shading

a b C coefficient
5 5 5 0.280
/ 0.260
44 44 44 0.250
! 0.240
! 0.230
2 2 H 0.220
&3 &3 & 9 0.210
d 0.200
a4 0.190
2 2 248 - 0.180
I 0.170
y o - 0.160
1 __ A 1 - 1 0.150
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 4 5 6 7
Column Column Column

Fig. 18. Distribution of time-averaged shading coefficients for (a) Dishcloth gourd on October 8, (b) Malabar
spinach on October 6, and (c) Morning glory on October 7.

Table 5. Cssagand SD

Dishcloth gourd Malabar spinach  Morning glory

Cssavg 0.204 0.189 0.201

SD 0.024 0.011 0.025

The row averaged Cs values of the three species were calculated. Fig. 19 shows the hourly data
from 12:00 PM to 17:00 PM. For Dishcloth gourd at the early hours, the lower row yielded a higher Cs,
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where the tendency became unclear after 14:00 (Fig. 19a). For Malabar spinach, the lower row mostly
had a lower Cs (Fig. 19b). For Morning glory, it was obvious that the lower row yielded the lower Cs
before 15:00 PM (Fig. 19c¢).
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Fig. 19. Hourly row averaged C; of (a) Dishcloth gourd on October 8, (b) Malabar spinach on October 6
and (c) Morning glory on October 7.

5. Discussion and limitation

The vast majority of the existing studies had focused on the implementation of vertical greenery
systems for opaque building walls rather than windows. The possible reason was that vertical greenery
may block the view and reduce daylight and natural ventilation, which contradicts with the function of
the windows. In this perspective, Stec et al. proposed design of flowerpot on rotating slats (Stec et al.,
2005), Lee and Jim raised an idea of rotatable green wall planter system design (Lee and Jim, 2019).
The present study proposed a concept of movable green window shading systems (MGWSS), and

simplified models that represent the MGWSS under shading status were built for the experiment. The
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shading coefficient of three plants obtained in this study is applicable to similar green shading for
windows.

The density of the foliage is an uncertain but important parameter related to the performance of
green shading. Coverage rate (C;) represents the 2D behavior of foliage, while the 3D behavior is related
to the angle of leaves and the number of leaf layers. During the growth of the plant, the leaves gradually
increase and always grow towards the sunlight, which increases the C; and also the complexity of its 3D
structure. Therefore, the 3D behavior of foliage is related to C;, i.e. when the C, is high, the number of
layers of foliage leaves is also large. It decreased the solar radiation passing through the foliage (shown
Fig. 12), which is in line with the past study (Ip et al., 2010) that solar transmissivity reduced with the
increase of the number of leaf layers. As mentioned in the introduction, LAI is another index to qualify
the foliage density, which was assumed in some numerical studies to simulate the effect of foliage
(Flores Larsen et al., 2015; Susorova et al., 2013). Further study could investigate the relationship
between C; (represents the 2D behavior of foliage) and LAI (represents the 3D behavior of foliage).

The experiments of cooling energy consumption and heat flux focus on a window at the west
orientation. Previous studies on green facades show that the performance is also good for east and south
orientations. This could be the case for windows. Further study should evaluate the other orientations,
the impact of other climatic factors, e.g. cloud coverage, and also the effects on energy saving under the

other shading status, indoor thermal comfort, interior daylighting and natural ventilation.

6. Conclusions

In this study, a concept of MGWSS was proposed. A new onsite measurement technique was
developed to examine the shading performance of MGWSS. Experiments were conducted to measure
the coverage rate, shading coefficient, heat flux reduction, and cooling energy saving. The main findings
are summarized as follows:

1. The presence of green shading reduced the impact of solar radiation and indoor-outdoor air
temperature difference on the cooling energy consumption. It is found that the correlation
coefficient (C.) between cooling energy consumption and ambient solar radiation was reduced from
0.94 to 0.61 by the green shading, and the C. between cooling energy consumption and indoor-
outdoor air temperature difference was reduced from 0.92 to 0.79.

2. Distribution of solar radiation on a surface behind green shading could be indirectly measured by
PV panels with acceptable accuracy; shading coefficients of green shading could be calculated
correspondingly.

3. Equations between the C; and Cs are established for the three species, respectively. Based on the

equations, the Cs can be easily calculated with the measured C;. When the C; was 80%, the C; was
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0.28, which leads to the reduction of cooling energy consumption and heat flux transmitted through
the glass of the west-facing window by 11.45% and 64.84% in an afternoon.

4. For the west-facing window, the characteristics of shading coefficients were different during the
ascending and descending phases of solar radiation. The lowest shading coefficient was found at
oblique solar incidence angles around 14:00-16:00 PM, then, the shading coefficient increased
when the solar position approached the west.

5. Inhomogeneous distribution of shading coefficients was found. The surface-averaged Cs values
were 0.204, 0.189, and 0.201 with standard deviations of 0.024, 0.011, and 0.025 for Dishcloth

gourd, Malabar spinach, and Morning glory, respectively.
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