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INTRODUCTION

Burning oil is like taking furniture from your house
and setting it on fire for heat.

Elon Musk

We shape our buildings;
Thereafter they shape us.

Winston Churchill

Some facts about time

It takes about eight minutes, for a photon to travel 93 million miles from the sun to the
earth.

It takes decades to hundreds of years, for a tree to reach full maturity, by capturing pho-
tons from the sun through photosynthesis day after day.

It then needs millions of years, and every proper condition, for a tree to become fossil fu-
els.

However, burning out those fuels might only take secondes.

Fortunately, we have found a time-saving and environment-friendly approach to capture
photons and utilize the solar energy by photovoltaic technologies.

It will take you couples of minutes (most likely) or hours (my honor) to explore the most
recent development in photovoltaic windows in this dissertation, which took the author
more than four years to accomplish.

Parts of this chapter have been published in Applied Energy 228, 1454 (2018) [1].



2 1. INTRODUCTION

Current photovoltaic (PV) industrial chain mainly serves the conventional utility-scale
PV power stations. Rigid and opaque silicon-based PV modules domain the market so
far. As distributed PV capacities expand, PV modules tend to be integrated with existing
infrastructures (mostly, buildings). To adapt with the building environment, innovative
design is required from the cell level to the system level. This dissertation specially deals
with the window-integrated photovoltaics. In this introduction, the global energy situ-
ation and the concise history of photovoltaic technologies are presented as background
knowledge. The major topic, building-integrated PV windows, is then briefly introduced
and explained in detail regarding the distinct features from conventional PV stations.
The aim, scope, and outline of this dissertation is finally addressed.

1.1. SOLAR ENERGY AND PHOTOVOLTAICS

World Energy Reserves and Consumptions Renew:
2018 Edition per year

total reserves

23,000 TWyr
Solar 0.0004% annual consumption 0.42% 185+ TWyr
N {
03 var % PV + Thermal, 2017 ] \ Uranium

Tides
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Waves

0.2-3+ TWyr , 097%
Geothermal
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Hydro
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Biomass

/ 1.89% 2215 TWyr
[ Y Natural Gas
1.93% 3177 TWyr
Petroleum

3MTWyrg

OTEC
75-130 TWyr 0.63% 7181 TWyr
Wind Coal

©2018Y. Gao

: Unavailable information

Figure 1.1: The world energy reserves and consumptions in 2017. The area of discs represents the energy
reserves. Above the lines are annual consumptions in 2017 as a percentage of reserves [2—4].

H UMAN beings consume 18.75 TWyr! energy worldwide in 2017 [4]. This figure has
increased by 41.04% since 2000 [4], and is predicted to reach 23.87 TWyr in 2040
[5]. The continuous increase of global energy demand is challenging the limited energy
resources on this planet. As of press time, traditional fossil fuels are still the primary

ITWyr is the abbreviation of terawatt-year. 1 TWyr is equal to 8.76 x 1012 kilowatt hour (kWh).
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energy sources of humankind. However, the shares of fossil fuels in total power genera-
tion are projected to decrease from now to 2040 [5]. The decline of fossil-fuel proportions
stems from not only the depleting resources, but also the severe air pollution and carbon
dioxide emission from fossil-fuel combustion [6]. According to the Paris Agreement, the
world shall unite to deal with the global climate change due to greenhouse-gas emis-
sions [7]. In this case, renewable alternatives to fossil fuels are in urgent need. Among all
available energy resources on this planet, land-received solar energy is the most abun-
dant one, even richer than the combination of all the other forms, as shown in Figure
1.1. Ideally, only a small fraction (1/1200) of land-received solar energy is sufficient to
supply the worldwide energy consumption [8]. Therefore, huge efforts have been made
to develop cost-efficient technologies to harvest solar energy.

p, current
Py

thermalization

E,

009000000 O
holes t i

Figure 1.2: Solar cell’s operating principles based on the photovoltaic effect. a, Flow of charge carriers in a sim-
ple model of solar cell: D) generation of electron-hole paires, (2) separation of charge carriers, (3) collection of
charge carriers at the terminals, @) extraction of electrons through the external circuit, and (5) recombination
of electron-hole pairs. b, Band diagram of charge carriers. Figure is adapted from [9].

In fact, most of the commonly-used energy sources by human beings come indi-
rectly from the sun, e.g., fossil fuels, wind energy, biomass, etc. They usually form natu-
rally in a low conversion efficiency and through a long cycle. In 1839, the French physi-
cist Alexandre-Edmond Becquerel discovered the photovoltaic effect, which is a phe-
nomenon that a voltage is generated in response to radiant energy (mostly, light). Later
in 1905, Albert Einstein explained the photoelectric effect? in his paper, which earned
him the Nobel Prize in 1921 because of the novel concept of wave-particle duality in
the nature of light. As our knowledge of light and semiconductors grows, various PV
technologies have been developed based on the most fundamental mechanism of pho-
tovoltaic effect, which is illustrated in Figure 1.2. Firstly, three steps occur within the
photovoltaic materials to generate voltage between electrodes from light radiation. )
An electron is excited to a higher energy level by a photon, simultaneously creating a
hole, which behaves as a positively-changed particle. In quantum theories, the energy
state of a electron in the semiconductor material is not continuous, meaning that no
energy state is allowed to exist between the valence band edge (E,) and the conduction
band edge (E.), as shown in Figure 1.2b. Therefore, in the light beam containing photons

Zphotoelectric effect is a phenomenon discovered by the German physicist Heinrich Hertz in 1887 that free
electrons are emitted from a metal surface when light strikes it. The major difference from photovoltaic effect
is that electrons are emitted to the space, not directly enter a new material.
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with various energies (Epp), only those with Ej, larger than the bandgap (Eg = E; — Ey)
of the ideal semiconductor materials can create electron-hole pairs. (2) Charge carri-
ers (electrons and holes) are separated based on certain mechanisms depending on the
photovoltaic technologies. (3) Charge carriers are collected at the terminals, where a po-
tential difference is created in between. Till now, a voltage is formed between two elec-
trodes and the mechanism of photovoltaic effect has been briefly explained. Secondly,
two further steps are taken to generate electricity in the external circuit. (4 Electrons
are extracted from the electrode and used to drive an electric circuit. (5) Passing through
the loads, electrons combine with holes at the other electrode. Together, five steps have
explained the working principle of solar cells based on photovoltaic effects.

In 1954, the first modern solar cell was developed in the Bell Laboratories in the
United States. The silicon-based solar cell showed an power conversion efficiency (PCE)
of about 6% [10]. In 1985, the PCE of crystalline silicon (c-Si) solar cells had exceeded
20%, which was demonstrated at the University of New South Wales. As of press time,
the most efficient non-concentrator single-junction solar cell was fabricated with thin-
film crystal gallium arsenide (GaAs), which holds the record PCE 0of 29.1% [11]. However,
GaAs is an expensive material, which is also carcinogenic for humans. Therefore, it is
mostly used in space technologies or military applications. Nowadays, c-Si solar cells
dominate the PV market, representing more than 90% market share. Among them, the
most efficient type (non-concentrator, and single-junction) is the silicon-based hetero-
junction solar cell, with a record PCE of 26.6% [11]. As the PCE improves and the module
costs reduce, photovoltaic prices have fallen from $76.67 per watt in 1977 to $0.23 per
watt in 2017 [12]. In some regions, the LCOE® of photovoltaic solar energy is already
cheaper than the price of grid electricity [13].

In general, current photovoltaic technologies fall into three categories. They are
listed below with the record efficiency* (non-concentrator, and single-junction) to date
marked in subsequent brackets.

o Wafer-based cells, including traditional crystalline silicon (c-Si, 26.6%) and gallium
arsenide (GaAs, 29.1%), which is a thin film of GaAs separated from a GaAs wafer.

e Commercial thin-film cells, including amorphous silicon (a-Si, 14.0%), cadmium
telluride (CdTe, 22.1%), and copper indium gallium (di)selenide (CIGS, 22.9%).

¢ Emerging thin-film cells, including perovskite (24.2%), organic (15.6%), and quan-
tum dot (QD, 16.6%).

In 2017, cumulative PV capacity reached almost 398 GW and generated over 460
TWh, accounting for about 2% of global power output. As predicted by the International
Energy Agency (IEA), those numbers will keep going up in the next five years, as shown
in Figure 1.3. Till 2023, the cumulative PV capacity and annual generation will both be
around 2.8 times that of 2017, according to the optimistic estimates [2]. In the future,
photovoltaic will be one of the most promising renewable energy resources, as boosted
by the policies and the market.

3Levelized Cost of Electricity (LCOE), representing the total cost to build and operate an energy producing
source over its anticipated lifetime divided by the total amount of electricity produced.
4See Appendix A “Best Research-Cell Efficiencies” for detail.
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Figure 1.3: Diagram of cumulative PV capacity (bar) and annual PV generation (dot) from 2017 to 2023, main
and accelerated cases [2].

1.2. BUILDING-INTEGRATED PHOTOVOLTAIC WINDOWS

A S estimated, the world’s entire primary energy demand can theoretically be met by
installing today’s photovoltaic products in less than a tenth of the area of the Sahara
[14]. However, large-scale photovoltaic coverages could lead to regional and global cli-
mate change, in terms of temperature, precipitation, atmospheric circulation, etc. [15].
In contrast, a more decentralized installation of PV panels in urban areas will result in
less impact on the regional and global climate [15]. Commonly, but not universally, dis-
tributed photovoltaics refer to electricity-generating PV systems with a rated capacity of
100 kW or less [16]. It is projected by IEA that the net additions of distributed PV ca-
pacity will increase fast in the next five years, as shown in Figure 1.4. Compared with
utility-scale types, distributed PVs can reduce the transmission losses and allow for flex-
ible installations integrated with existing infrastructures. In urban areas, buildings pro-
vide not only convenient environment for photovoltaic installation, but also local loads
for power consumption. Therefore, building-integrated photovoltaics (BIPVs) have been
considered to be a promising form of distributed PVs. Note that a building in this dis-
sertation refers to a structure which serves not just limited to humans, but also plants or
animals.

Globally, more than a third of energy consumption is attributable to the building sec-
tor [17]. In developed regions, those numbers are even higher (39% for U.S. and 40% for
Europe) [18]. Reducing the consumption of building energy generated from fossil fu-
els helps alleviate the air pollution and global warming. Some European countries even
regulate that all new buildings shall be nearly zero energy buildings (ZEBs) by the end
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Figure 1.4: Net additions of solar PV capacity from 2012 to 2023, main and accelerated cases [2].

of 2020 [19]. Apparently, local energy harvesting is required to realize this goal. Among
all realistic strategies, BIPV is an obvious choice for those regions with adequate solar
radiation.

According to the mounting positions of buildings, BIPV can be classified into roof,
wall, and glass-attached types. As predicted, the global market of BIPV will reach nearly
$7 billion in 2026 [17]. By then, the glass-attached PV accounts for the largest propor-
tion among the three categories, as shown in Figure 1.5. It means that the potential BIPV
market in the window areas of the buildings is huge. In this dissertation, a photovoltaic
window refers to a daylight-management apparatus with photovoltaic solar cells, mod-
ules, or systems embedded on, in, or around a window of the building [20, 21].

8 T T T T T T T T T
I Roofing

6L | Walling 4
= Glass
g
=
o+ 4r 7
%2}
D

2L 4

2018 2019 2020 2021 2022 2023 2024 2025 2026

Figure 1.5: Predicted worldwide BIPV market revenue. Figure is adapted from [17].

PV windows take full advantage of vertical space in congested urban areas, where
available horizontal lands are scarce, and local energy consumptions are tremendous.
To evaluate the equivalent horizontal area (EHA) of available vertical surfaces of build-
ings, we define R, as the ratio of the annual solar energy received on the sunward (e.g.
equator-facing for temperate zones) vertical unit area to that received on the horizontal



1.3. MORE THAN POWER GENERATION 7

Table 1.1: R,,;;, of nine selected cities around the world

City Ry/n
Shanghai 0.8717
New York City  0.9128
Tokyo 0.9345
Beijing 0.9629
London 1.0233
Los Angeles 0.7799
Toronto 0.9289
Paris 0.9669
Berlin 1.0181
unit area, i.e.,
RU/h = M’ (11)
J Ghgiopar(t) dt

where Gy g10pa1 indicates the global irradiance on a sunward vertical plane; and Gy, g1opa;
indicates the global irradiance on a horizontal plane. The integration time here is an
entire year (365 days). According to reliable climate data [22], the calculated value of
Ry, for Shanghai is 0.8717. More specifically, the EHA of the highest skyscraper (632
m) in Shanghai equals to the area of 3.5 standard football fields, which occupy 15.6-
fold horizontal areas as the building does [1]. R,,;, for nine selected cities is calculated
and shown in Table 1.1. Considering all the urban high-rise buildings around the world,
vertical area holds enormous potential for the utilization of solar energy, especially the
window area, which is relatively large in modern buildings.

The nature of PV windows is to manipulate photons in order to turn incident light
partially into electricity and partially into transmitted light. Most reported approaches
are implemented by integrating opaque PV with window treatments®; or by integrating
transparent [23], semi-transparent [24], regionally transparent PV [25], or light-directed
materials [26] with window glazing. As shown in Figure 1.6, diverse possibilities of PV
windows are illustrated by existing products, demonstrations, and devices. This disser-
tation mainly focuses on the discussion of opaque PV window shading elements and
semi-transparent PV window glazing.

1.3. MORE THAN POWER GENERATION

NLIKE traditional centralized PV power plants, PV windows serve as a multifunc-
tional fraction of buildings. From the architectural point of view, power generation
is just one aspect of the initial consideration of architectural design. Architects mainly
consider the appearance, practicality, and user demand of the building. Therefore, the
optimal design of PV windows is not limited to maximizing the power generation, but
also aims to balance the dynamic built environment from the aspects of energy, photo-

5A window treatment is a decorating element placed on, in, around, or over a window, to achieve the function
of anti-glare, heat insulation, privacy protection, aesthetics, etc.
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Figure 1.6: Existing PV-window demonstrations. a, Smart solar blinds from SolarGaps. b, Adaptive solar fagade
at the House of Natural Resources [27]. ¢, PV greenhouse with reflective aluminum mirrors [28]. d, Transparent
PV solar device [29].

biology® and aesthetics.

Energy. Heating is one of the most direct impact of sunlight on buildings in terms of
energy. The long-wavelength (infrared) portion of the solar radiation contributes to the
majority of heating, which is favorable to buildings in cold winter. However, solar heating
increases the cooling loads of buildings in hot summer. Such heating can be regulated
by adjusting the penetration of sunlight into buildings from PV windows. PV windows
can also control the amount of incident visible light. If PV windows absorbed excessive
sunlight and consequently resulted in inadequate daylighting for illumination (e.g. <
500 lux for office), artificial lighting will be required to compensate the illuminance level,
consuming extra electric energy. Additionally, furniture ages with excessive irradiation
of short-wavelength (ultraviolet) portion of sunlight. Renovation can be considered as a
special form of energy waste.

Photobiology. Solar radiation not only acts on building energy, but also affects the crea-
tures in buildings. As for human beings, light acts on retina triggering not only vision but
also circadian rhythm [30]. The ultraviolet B rays of sunlight falling on skin catalyze the
production of Vitamin D [31]. Regarding most of plants, light energy transfers electrons
from water to carbon dioxide, to produce carbohydrates during oxygenic photosynthesis
[32]. According to the degree of user demand and light quality, there are mainly three lev-
els of light requirements in architectural design. The most basic level is to avoid damage
to humans (such as blue-light hazard [33]) and to keep plants alive. This is attainable
by providing adequate, natural, and healthy light. The next level of light design would

SPhotobiology is broadly defined to include all biological phenomena involving non-ionizing radiation.
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be to provide suitable light and thermal environment for occupants (including plants).
Specifically, direct sun irradiance would cause disability glare for observers [33]; and in-
appropriate color temperature might affect the human moods [30]. An even higher level,
which requires customized light input, can improve the working efficiency [30] of users
and boost the growth of plants [34]. Therefore, the living conditions of creatures in build-
ings are affected by PV windows, which can control the quantity and quality of incident
sunlight.

Aesthetics. Rigid, rectangular, either black or blue appearance, is the primary impres-
sion of people on photovoltaic solar modules. Such conventional standard products are
designed to enhance light absorption and module robustness. However, this is far from
enough for architects, who expect diverse options of PV modules in terms of color, shape,
transmittance, flexibility, etc. It requires interdisciplinary collaboration at the begin-
ning of the cell development and module design. Currently, novel BIPV products have
emerged in the market, such as colorful, image-printable, and even white PV modules
from CSEM [35], solar tiles from Tesla [36] and Hanergy [37], etc. Those products open
a new paradigm for BIPV. Since aesthetics vary from person to person, this issue will not
be discussed as an academic issue in the dissertation. However, the absence of such
discussions does not reduce the significance of the aesthetic issue, especially for the PV
market.

Aforementioned three aspects should be considered comprehensively in the initial
stages of the development of PV windows, from the semiconductor material, to solar
cell, to PV module, and lastly to system levels. Those aspects are highly interconnected
with respect to the overall performance of PV windows. For instance, enlarging the ab-
sorption of sunlight by PV windows may possibly reduce the incident solar irradiation,
leading to the changes of energy consumption by artificial lighting, heating and cool-
ing, meanwhile affecting the visual comfort of human or the photosynthesis of plants.
Therefore, this dissertation is essentially intended to balance the contribution of solar
photons to different architectural aspects.

1.4. AIM AND SCOPE OF THIS DISSERTATION

WITHIN this dissertation, scientific research has been conducted around the topic
of PV windows. The aim of this dissertation is to answer the following research
questions:

1. How to generate electricity in the window area of buildings by integrating photo-
voltaic applications?

2. What is the optimal sun-tracking position for the interior PV shading elements to
achieve the maximum power generation and non-glare daylighting, and what is
the optimal layout of solar cells on the slat of PV blinds?

3. How to balance the overall annual energy performance of buildings integrated
with PV blinds in terms of PV power generation, artificial lighting, heating and
cooling?

4. How is the PV performance across the full range of rotation angles in the green-
houses with high-density and low-density PV layouts, and how is the correspond-
ing interior irradiance distribution?
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5. How to fabricate semi-transparent thin-film amorphous silicon solar cell, and how
to control the transmittance of the semi-transparent PV window?

In order to answer aforementioned questions, the following scope has been deter-
mined for this dissertation:

1. Among all categories of buildings, two types of them, high-rise buildings and glass
greenhouses, are mainly studied in this dissertation. For existing high-rise build-
ings, we focus on the interior PV windows since exterior installations would in-
crease the initial cost, have high requirements on wind and snow loads, and affect
the appearance of the buildings. In terms of PV windows on greenhouse roofs, ex-
terior installations are considered in our study based on the fact that greenhouses
are usually not very tall buildings. Exterior roof PV installations for greenhouses
are easier than vertical installations for skyscrapers. Additionally, exterior PV mod-
ules receives more solar irradiance, resulting in more electricity generation.

2. Among current available PV technologies, thin-film solar cells are envisioned as
suitable candidates for interior PV windows due to their intrinsic properties, such
as light-weighted, flexible, etc. This dissertation has been limited to a few thin-
film PV technologies, i.e. amorphous silicon (Chapter 2, 3, and 6) and cadmium
telluride (Chapter 4).

3. As for greenhouse PV application, suitable commercial products have been avail-
able in the market. In this dissertation, we choose a ultra-thin high-performance
PV module, which uses the PV technology of crystalline silicon (Chapter 5).

4. To form a PV window, one or more PV technologies are integrated with conven-
tional window treatments, e.g. blinds, shutters, shades, curtains, films, awning,
etc. This dissertation mainly focuses on window blinds and films, in academic
words, opaque PV shading elements and semi-transparent PV glazing.

5. It is unrealistic to include all optimization objectives in the aforementioned three
aspects with respect to the performance of PV windows. Several selected critical
parameters are presented in this dissertation, i.e. PV power generation, glare in-
dex, incident irradiance, incident illuminance, thermal effects, and transmitted
spectrum. In each independent task, one specific parameter or a combination of
them has been implemented to optimize the intended performance.

6. Modeling and simulation are the major methodologies in module-level and system-
level studies. Verification experiments could be expected in further study, but not
in this dissertation. As to semi-transparent solar cells, only small-area devices
have been fabricated in our laboratory to demonstrate the concept.

1.5. OUTLINE OF THIS DISSERTATION
HIS dissertation is structured in seven distinct chapters, as illustrated in Figure 1.7.
In this chapter, a brief introduction to solar energy, photovoltaics, and building-
integrated PV windows in general is given. This chapter leads the following Chapters
2-6, each containing an independent research topic.
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Figure 1.7: Outline of this dissertation in logical and structural sequence.

In Chapter 2, a mathematical model of solar irradiance and a geometrical model of
a reference office are built, which are also useful in Chapter 3 and 4. Additionally, one-
axis PV blinds and the total input power are modeled and analyzed in regard to annual
power generation and glare protection. An optimal sun-tracking angle has been found
to achieve both maximum power generation and non-glare daylighting. Optimal design
of cell layout is also proposed to avoid shading from window frames.

In Chapter 3, PV shading elements with extra degree of freedoms (DOFs) have been
modeled and analyzed in a similar way as in Chapter 2. Two-DOF PV shading elements
have been proved to be the same as one-axis PV blinds in respect to optimal sun-tracking
positions. PV shading elements with three-DOF sun-tracking abilities are demonstrated
capable to meet all the requirements, i.e. gaining the maximum power generation, pro-
tecting from glare, and avoid shadows from the window frame. A corresponding variable-
pivot three DOF (VP-3-DOF) sun-tracking algorithm is given in the form of an analytical
solution.

In Chapter 4, the overall energy performance of the reference office with one-axis PV
blinds is analyzed over an entire year. Photovoltaic power generation and power con-
sumption by artificial lighting, heating and cooling have been fully considered.

In Chapter 5, PV windows are applied to the skylight in Dutch greenhouses. Un-
like vertically-mounted PV windows mentioned above, the greenhouse PV panels are
installed on a pitched roof to regulate the sunlight for plants, instead of humankind.
PV layouts in high and low densities are evaluated under four special sun-tracking posi-
tions with regard to power generation and interior irradiance. Simulation results provide
guidelines to balance the PV power generation and food production in greenhouses.

In Chapter 6, semi-transparent devices are fabricated to demonstrate the PV win-
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dows. The incident sunlight can be tuned with PDLC films to form self-powered photo-
electrochromic devices.

Chapter 7 concludes the insights throughout the dissertation. In addition, an out-

look is given on PV windows.

1.6. CONTRIBUTION TO THE RESEARCH FIELD

T

HIS project has contributed to the developments of building-integrated PV windows
in the following aspects:

A comprehensive methodology to evaluate the annual performance of BIPV con-
sidering the PV partial shading effects.

Optimum one-DOF sun-tracking algorithms for PV blinds with improved layout of
horizontal-stripe cells.

Optimum VP-3-DOF sun-tracking algorithms for three-DOF PV shading elements.

Design guidance as to how to balance the power generation and interior irradiance
of PV greenhouse.

A simulation-based method to fabricate semi-transparent solar cells.
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ONE-AXIS PHOTOVOLTAIC WINDOW
BLINDS

Abstract

Vertical space bears great potential of solar energy especially for congested urban areas,
where photovoltaic (PV) windows in high-rise buildings can contribute to both power
generation and daylight harvest. Previous studies on sun-tracking PV windows strayed
into the trade-off between tracking performance and mutual shading, failing to achieve
the maximum energy generation. In this chapter, we first build integrated models which
couple the performance of one-axis sun-tracking PV windows to the rotation angles. Sec-
ondly, one-axis sun tracking are mathematically proven to be not able to gain either max-
imum power generation or non-glare daylighting under reasonable assumptions. When
the restriction of the proposed model is relaxed, however, the aforementioned goals can
be achieved by the optimum one-axis sun tracking with extended PV slats and particu-
lar design of cell layout. The proposed optimum sun-tracking method also reveals great
protection against sun glare.

Parts of this chapter have been published in Applied Energy 228, 1454 (2018) [1].
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2.1. INTRODUCTION

P V windows have been invented in varied forms, among which one of the most basic
combinations is to integrate opaque solar cells with window blinds. Power genera-
tion and incident sunlight can be regulated by controlling the tilt angle of the slats cov-
ered with solar cells. In this chapter, PV shading effects have been considered through
building mathematical models. Reasonable design of cell layout on the slat has been
given, and optimum sun-tracking algorithms have been derived.

2.1.1. LITERATURE REVIEW ON PHOTOVOLTAIC WINDOW BLINDS

Due to the obvious feasibility of PV blinds, there exist many relevant studies, which range
from simulations to field experiments. Kang et al. analyzed several parameters of a PV
blind. Among a series of inclined angles (from 0° to 90° in 15° intervals), the maximum
electricity production was obtained in the inclined angle of 75°. The optimal width of the
PV module was half of the width of the blind to avoid PV shading effects. Moreover, the
ventilation in the double-layer window facade decreased the temperature of the cavity,
consequently improved the electricity production by 8.3% [2].

Kim et al. studied a combined system of a PV blind and dimmable LED lights. The PV
modules (6% PCE) were attached to the blind slats. In the reference room, the slat angle
was kept at 0°. Meanwhile, in the adjacent test room, the slat angle was hourly controlled
to be orthogonal to the profile angle of the sunlight. The LED lighting in both rooms
was automatically controlled with the feedback of photosensors in order to maintain the
illuminance level of the target working plane. Experimental results showed that the PV
power generation in the test room was 32% more than that in the reference room; but
the energy saving of LED lighting in the test room was 35% less than that in the reference
room. Due to the low efficiency of PV modules used in this study, the overall energy
performance was inconclusive [3].

Bahr et al. assessed the design parameters of a PV-blind system based on a costs-
benefits analysis. Two variables were considered: the ratio between the installation dis-
tance of adjacent slats to the module depth (1, 2, and 3), and the tilt angle (0°, 25°, and
60°). The profit rate of the PV blind system was calculated by considering heating and
cooling loads, PV power generation with partial shading effects, daylighting and artificial
lighting. Simulation results showed that the highest profit rate was obtained when the
ratio was 2; and the tilt angle was 0° [4].

Mandalaki et al. investigated various typologies of PV shading systems in terms of
energy efficiency and visual comfort conditions. The Brise-Soleil system was proved to
be the most suitable typology to integrate PV modules. However, all typologies were
assessed in a fixed position; and the tilt angle of blinds was not given [5].

Luo et al. compared the thermal performance of PV blind within a double skin facade
(DSF) with that of conventional DSFs with and without shading blinds. Experimental re-
sults showed that the DSF PV blind can save 12.16% and 25.57% respectively in summer
compared with those two counterparts [6].

Hu et al. conducted comparative studies on the BIPV Trombe wall systems in regard
of electricity production and heating/cooling load reduction. Results showed that the
PV blind-integrated Trombe wall system was superior to the glass-attached and mass
wall-attached PV Trombe wall systems in terms of electricity saving and CO2 emission
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reduction [7, 8].

Hong et al. investigated the design parameters of the PV blind by nonlinearity analy-
sis. Three design variables were mainly considered, i.e. the orientation, the width of the
PV panel (from 10 mm to 50 mm in 10 mm intervals), and the season. Results showed
that the PV blind with 10 mm-width PV panels revealed the best performance in terms
of electricity generation and saving-to-investment ratio at year 25 because the relatively
smaller width alleviated the PV partial shading effects [9].

Park et al. developed a four-node-based finite element model (FEM,_,54.) to predict
the electricity generation of the PV blind. By this means, the economic performance
of the PV blind can be comprehensively analyzed for practical applications [10]. Based
on FEMy_ 040, Oh and Koo et al. improved the prediction accuracy of the model by
developing a nine-node-based finite element model (FEMg_,04.) [11, 12].

Hong et al. proposed the bi-directional control method, which eliminated the par-
tial shading problem of PV blinds. Compared with the uni-directional control method
(PV panel remained as orthogonal to the profile angle of the sunlight), the bi-directional
control improved the average illuminance of the room and generated comparative elec-
tricity [13]. In a following study, Hong et al. further evaluated the bi-directional control
method in regard of lighting and thermal performance. Results showed that the energy
consumption of lighting and heating system were reduced, but the cooling system con-
sumed more energy, compared with the uni-directional control method [14].

2.1.2. MOTIVATIONS AND OBJECTIVES

A common misconception is that BIPV sun tracking is to orient the PV surface perpen-
dicular to the sun rays. This misconception stems from the sun-tracking method com-
monly found in conventional PV power stations, where sun trackers (or solar trackers)
are used to orient flat PV panels towards the sun in order to increase the energy collec-
tion. During daylight hours, the PV panels are kept in an optimum position perpendic-
ular to the direction of the solar radiation [15]. Theoretical explanation of ubiquitous
perpendicular-sun-tracking methods resides in the basic model of the global irradiance
on a tilt plane (Grglobal) [16], i€,

i
G global = Ig'" cosy + Gy aRq + Gt ground 2.1

where I4" is the direct normal (or direct beam) irradiance (DNI) of the sunlight; y is
the angle between the PV surface normal and the incident direction of the sunlight; G, 4
is the diffuse horizontal irradiance; R, is the diffuse transposition factor; Gy ground is
the ground-reflected irradiance. The product I g i cosy represents the direct irradiance
on the tilt plane, i.e. Gy peam, which is a dominant component contributing more than
90% of the global irradiance in a cloudless day [17]. The other two components, dif-
fuse (Gt g = Gp,qRy) and ground-reflected irradiance, contribute a small proportion to
the clear-sky Gy g10pq1, and vary with the orientation of the plane. If we ignore the vari-
ations of those two components caused by the orientation and take such components
as orientation-independent constants because of their small contribution, we can con-
clude that the maximum Gy gjopq is achieved when y equals to zero, i.e. the PV surface
is perpendicular to the incident sun rays. The maximum Gy, gjopq l€ads to the maximum
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incident energy per unit time, i.e. the maximum input power P;,, because the direct-
beam-illuminated PV area S;, remains as a constant; i.e.

Pip = Gt,glohalsh- 2.2)

However, the perpendicular-sun-tracking method is not necessarily applicable to
BIPV due to complicated building environment and multiple sun-tracking purposes.
Compared with conventional sun-tracking PVs, building integrated sun-tracking PVs
make a profound difference because S, shrinks when shadows appear on the PV surface
caused by adjacent elements. In this circumstance, the product of a maximum Gy gjopai
with a reduced Sj; cannot guarantee a maximum P;, any more. The shadows on the PV
surface not only lead to a diminished Sy, but also result in PV partial shading problems,
which affect the PV performance, especially the module efficiency 1,,. n,, drops dra-
matically when uneven shadows are found on series-connected solar cells. PV module
performs the best when no shadow casts upon it. To maximize P,,; at a given time, a
straightforward way is keeping the PV surface towards the optimal orientation, where it
receives the maximum P;,; and no shadow appears on it, resulting in the maximum 7,
(Eq. (2.3)). Therefore, one of the purposes of sun tracking is to preserve the maximum
P,y at every tracking moment, so that the PV module generates the maximum energy
E, which is the integral of P,,; over a certain period of time ¢ (Eq. (2.4)).

Pour = PinMm. (2.3)

Eszom(t)dt. (2.4)

As to BIPV, sun tracking is not only aiming at the maximum E, but also the capability
to fulfill building functions. For window treatments, two main functions are daylighting
and glare protection. In a nutshell, the objectives of building-integrated solar tracking
for PV windows are to receive the maximum P;;,, to avoid shadows on the PV surface, and
to enable daylighting without glare. This work focuses on the solutions to meet these
objectives.

2.2. METHODS

NLIKE the method of case study in most aforementioned literatures, in this study, a
U general theory of BIPV sun tracking method is developed based on modeling and
simulation. Simplifications and assumptions are properly applied to the models and
simulations to achieve general sun-tracking solutions in complex architectural environ-
ment. The solar irradiance model is built based on typical conditions of building win-
dows and window treatments. The shadow position on PV shading elements is derived
from basic three-dimensional rotation matrices using the knowledge of solid analytical
geometry. Shadows on shading elements and inside the room are simulated and ob-
served by SketchUp, a three-dimensional modeling software which can present realtime
shadows [18]. Taking the partial shading effects into consideration, the annual energy
generation is then calculated in the simulation model built by MATLAB SimulLink, us-
ing the climate database from Meteonorm, which generates accurate climate data for
any place in the world [19]. Point-in-time glare is simulated in the Rhinoceros model
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of a reference room by DIVA and Grasshopper [20]. Rhinoceros is an accurate three-
dimensional modeling tool, which contains accessible development tools and plug-ins,
such as Grasshopper and DIVA. In this study, DIVA is used to simulate the point-in-time
glare using various sun-tracking methods [21]. Grasshopper, a graphical algorithm edi-
tor, is used to link the movements of shading elements with the solar position [22]. The
simulation tools are illustrated in relation to the models and results in this study (Figure

2.1).

2.2.1. MODEL OF SOLAR IRRADIANCE

Firstly, an equator-facing window in the sunward side of a high-rise building is defined,
which is rarely shaded by surrounding objects from the sun (Fig. 2.2a). We only con-
sider the buildings located in the temperate zone (between 23.5° and 66.5° for both north
and south latitude) to ensure the sun stays the same side of the building during the PV-
functioning hours for an entire year. Usually, the solar position is defined by the solar
altitude a; and the solar azimuth A; in the horizontal coordinate system. Here, we de-
note the solar position by a unit vector ng(x;s, ys, 25) in corresponding Cartesian coordi-
nate system (Fig. 2.2b). Eq. (5.6) transforms the spherical coordinates into the Cartesian

coordinates.

Xs —COSQa3COS Ag
ng=|ys| = | cosassinAg |. (2.5)
Zs sinag

Analogously, the orientation of the PV surface on the shading element is denoted by the
altitude apy and the azimuth Apy of the normal of the PV surface in the horizontal co-
ordinate system, and npy (X, Y, Z25) in the Cartesian coordinate system (Fig. 2.2d). By
the aforementioned definitions, we succeed in including npy and ng in the same three-
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Figure 2.2: Definitions for the irradiance model.

dimensional Cartesian coordinate system (Fig. 2.2e). Since npy only indicates the ori-
entation of the PV surface instead of the exact position of the shading element, here we
define the initial position of the shading element (a rectangular PV module) as a vertical
plane facing equator (npy¢(1,0,0)), and let one side of the rectangle be parallel with the
horizontal plane. An arbitrary position can be achieved from the initial position by a se-
ries of rotations, which is mathematically expressed as a rotation matrix, denoted as R
(Figure 2.2e). npy can be derived by

npy = R-npyy. (2.6)

Based on above definitions, the following assumptions are made to simplify the phys-
ical building structures and the solar radiation models. These assumptions are com-
monly found in similar studies [16, 23], and are not restrictive as compared with the real
scenario.

1. The window is an equator-facing rectangle perpendicular to the horizontal plane.
The dimensions of the window and window shading elements are given, whose
thicknesses are ignored to simplify the analyses. Window shading elements are
mounted interiorly behind the window glass, or within the double-pane window.
The transmittance of the outer glass is high, i.e. the absorption and reflection of
sunlight can be ignored. The PV window shading elements are just able to cover
the whole window area for the sake of daylight control and privacy protection, i.e.
the total area of PV material Spy equals to w! (Figure 2.2c).
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2. The shading elements in the window treatments rotate simultaneously so that
they receive identical solar irradiance, which benefits the performance of series-
connected mini modules. Therefore, the position of an individual shading element
can be obtained from one target shading element by a simple translation.

3. The total diffuse irradiance on the PV surface from the sky, ground, and interior
reflection is isotropic. In other words, the surface receives identical diffuse irra-
diance from any direction. The ground-reflected irradiance G;,gounq is ignored
here. We also simply take the irradiance on the shading area as the isotropic dif-
fuse irradiance, i.e. Gy, 4.

According to aforementioned definitions and assumptions, we can build an isotropic
solar irradiance model for the sun-tracking PV window. Since cosy equals to npy " - ng,
where the symbol T indicates the transpose operator, referring Egs. (2.1) and (2.6), the
global irradiance on the tilt PV shading element G;, g9 is derived as

T-ns+Ghyd= Igir(R-npvo)T-ns+Ghyd. 2.7)

Gt,global = IéﬁrnPV
According to Assumption 3, the irradiance on the shading area of the PV surface is Gy, 4.
Therefore, the solar input power on a diffuse partially-shaded plane is derived as

Pin = Gt,globaiSp + Gn,a(Spy — Sp) = I3 Sp(R-npvo) " - ng+ Gy aSpv,  (2.8)

where Spy indicates the entire PV area. In this model, the solar position (7;) of a specific
date and time is predictable with the given longitude and latitude [24]; I, g’ ir and Gp,q are
accessible climate data [19]; npy and Spy are constants; S;, can be treated as a function
of R for certain geometrical structures of shading elements. Therefore, an optimum R is
the key solution to meet aforementioned objectives.

Notably, we consider that the shading elements are covered with lightweight thin-
film PV materials. In industry, thin film PV modules contain series-connected solar cells
formed by laser scribing technology, which makes it difficult to integrate bypass diodes.
Therefore, PV modules in shadows are possible to suffer from the partial shading effects.
Also, we assume the shape of solar cells is rectangular, which is the standard shape for
industrial PV cells and modules, though other geometric design is possible [25].

2.2.2. MODELS OF Gy,global AND SHADOWS ON PV BLINDS

According to Eq. (2.8), the global irradiance on the tilt PV shading element Gy, gpq; and
shadows on PV shading elements are two key models to derive the input power P;,,. Fur-
thermore, shadows also affect the module efficiency 7, then consequently affect the
output power Py, of the PV module (Eq. (2.3)). Here, G ¢10pqa and shadows are studied
under specific sun-tracking conditions.

The most common one-axis window treatment is a Venetian blind, which usually
contains several identical rectangular slats (Figure 2.3a). In the following description of
the mathematic model, one degree of freedom (DOF) refers to the rotation of the rigid PV
plane around a single horizontal axis. Mathematically, we use the rotation matrix Ry, (6,
to describe such rotations (Figure 2.3b), i.e.,
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cosy, 0 -—sinf,
Ry(6)) = 0 1 0 , (2.9)
sinf, 0 cos0O,

where the rotation is around y-axis; 6, equals to apy. According to Eq. (2.7), Gy gjobal
can be derived as

Gr,globar = 12" (x5 c080y + 2z5sinb,) + Gy 4. (2.10)
a b
o o RO
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\yy X I
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Figure 2.3: One-DOF sun tracking with a horizontal axis. a, A schematic of a PV blind with horizontal slats. b,
Definition of rotation angle 8. ¢, A schematic of two types of shadows on the slat.

Typical shadows on the individual slat are observed as shown in Fig 2.3c. The rect-
angular shadow comes from the upper slat and only exists in a certain range of §,. The
triangular shadow is cast by the window frame or wall. Here, shadows are basically deter-
mined by two parameters, I;5; and /s, as labeled in Fig 2.3c. Using the basic knowledge
of solid analytical geometry, I;5; and I;5, are derived as shown in Eq. (2.11) and Eq. (2.12)
respectively.

Zs T
lo, arctan — — = < 0, <0;
Xs 2
loxs Zs
lis1 = - , 0<6y<2arctan —; (2.11)
Xs€080y + zssin0,, Xs
Zs Zs T
lp, 2arctan — <6, < arctan — + .
Xs Xs 2
loyssind,
liso = (2.12)

x5€080y + zssinb,, |

The direct-beam-illuminated PV area on the individual slat S in this model is then
derived as

1
Spo=Ilisiw— Eltslltsz- (2.13)
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2.2.3. MODEL OF SOLAR CELL AND PV MODULE

The two-diode model of the solar cell is used to simulate the PV power generation in
certain conditions of irradiance. The equivalent circuit is shown in Figure 4.4, where the
output current is described as

V + IR; V + IR; V +IR;

Vi )= 1] = Ip2[exp( Vi )—1—( R,

I=1I,,— I lexp( ) (2.14)

where Iy, is the light-induced current. I, and I, are the reverse saturation currents of
diode 1 and diode 2 respectively. V is the voltage across the solar cell electrical ports.
Rg and Ry, are the series and parallel resistances respectively. a; and a are the quality
factors (or called diode emission coefficients) of diode 1 and diode 2 respectively. Vry 2
denotes the thermal voltage of the PV module having N; cells connected in series, de-

fined as,

kT
Vri2 = Ns7 (2.15)

where k is the Boltzmann constant (1.3806503 x 10723 J/K) , T is the temperature of the
p-n junction, and q is the electron charge (1.60217646 x 107! C). Detailed model de-
scription can be found in [26]. The solar cell model in MATLAB Simulink is simplified by
5 parameters. In this study, the model is parameterized according to the data sheet of a
commercially available thin film Silicon PV module. Note that the parameters vary ac-
cording to the dimensions of the target solar cell. Following simulation results are based
on those parameters.

a W
+
Iﬂl‘ Iaz‘ R
Iph D, D, Rp s 1%

10 solar cells

Figure 2.4: Model of solar cell and PV module in shadows a, An equivalent circuit diagram of the two-diode
model of solar cells and . b, A one-dimensional circuit diagram of the PV module with ten series-connected
solar cells without by-pass diode. ¢, A two-dimensional circuit diagram of the PV module under shadows.

2.2.4. MODEL OF EQUIVALENT IRRADIANCE FOR PARTIAL SHADING

In reality, two types of shading conditions are commonly observed, complete and diffuse
shading conditions. As shown in Figure 2.5a, the irradiance of the shading area is zero
when it comes to the complete shading condition, e.g. a leaf on the PV panel. As to the
diffuse shading condition, the shading area still receives the solar irradiance, e.g. the
shadow of a tree on the PV panel. As shown in Figure 2.5b, we simply take the horizontal
diffuse irradiance Gy, 4 as the solar irradiance on the diffuse shading area.
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Figure 2.5: Partial shading on the PV module a, Complete shading condition. b, Diffuse shading condition,
where the irradiance of shading area equals to the diffuse irradiance. ¢, PV module under the diffuse shading
condition, as illustrated in b. d, Direct illuminated and diffuse shading area on an individual solar cell.

To simulate the partial shading effects, the equivalent global irradiance qu of
,global
an individual solar cell is derived as
19 ppyT - ngSL + Gy 4 St st
eq _ e $<h APV “b dir T,
t,global — Si = o I npy' -ns+Gpq (2.16)
PV PV

where S;; is the direct-beam-illuminated area on the individual solar cell (Figure 2.5c
eq

) t,global
partial-shading simulation. S; can be derived by the aforementioned models of shadows

under different sun-tracking methods.

& d). SfDV is the total area of the individual solar cell. G is a critical input of the

2.2.5. GLARE MODEL

To evaluate the visual comfort under different sun-tracking methods, the Rhinoceros
model of a reference room is used in this study [20]. In this model, point-in-time glare
are calculated by DIVA, a highly optimized daylighting and energy modeling plug-in for
Rhinoceros [21].

Currently, there is a number of different indices for assessing visual comfort [27]. In
this study, we use Unified Glare Rating (UGR) and Discomfort Glare Probability (DGP) to
evaluate the level of glare.
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CIE’s Unified Glare Rating (UGR) is defined as

025 &
I, =

i=1

2
L§ 05,1
P2
i

subject to w; € [3 x 10_4, 10_1]sr

UGR = 810g10

(2.17)

where the subscript s is used for those quantities depending on the observer position
and i for those quantities depending on the light sources. Lj is the background lumi-
nance. L, is the luminance in the direction connecting the observer with each source.
ws, is the solid angle subtending the source i from the position of the observer. P is the
Guth position index, expressing the dependence of perceived discomfort glare on the
position of the source i with respect to the observer. UGR ranges between 10 (impercep-
tible) to 34 (intolerable) with a three-unit step [27].
Discomfort Glare Probability (DGP) is defined as

N L2 Wgq t
I
i=1 E P,‘

v

DGP =5.87 x 1075E,,+0.0918log10 +0.16, (2.18)

where E, is the vertical eye illuminance. DGP reveals a stronge correlation with the
user’s response regarding glare perception [27].

2.3. RESULTS

Table 2.1: Typical climate data used for calculation and simulation

Parameters Data
Location 31.17°N, 121.43°E (Shanghai)

Time 11:00 (local time, UTC + 8)
Date 20th March (March equinox)
Year 2017

[ 55.63°

Ag 152.72°

1dir 1000 W/m?

Gha 100 W/m?

l 1m

w 1m

l()* 0.1m

*1p indicates the length of the one-DOF slat in Figure 2.3a.

0 give the optimum sun-tracking solutions, a typical set of climate data of Shanghai
T (see Table 2.1) is used for the calculation and simulation of G gjopal, Sp, Pin, and
point-in-time glare under all possible sun-tracking positions. Then, accumulated power
generation (E,) and average efficiency (#,,) over the year under conventional and the
proposed optimum sun-tracking methods are simulated and compared. Lastly, results
of nine global cities are obtained to conclude a general improvement of E, and ), by
using the proposed method.
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2.3.1. PHOTOVOLTAIC PERFORMANCE UNDER (PARTIAL) SHADING

Based on the aforementioned partial shading model and example data set, the output
power of the mini PV module is simulated under various conditions of shadows. As
shown in Figure 2.6, the results show that the PV module performs the best when no
shadow casts upon it. Note that the real geometry of the mini PV module on the slat
is not necessarily like this. Besides, 1,, drops dramatically when uneven shadows are
found on series-connected solar cells. The performance of PV power generation is less
affected by diffuse shadows than that by complete shadows with the same dimensions.

Shadow pattern Complete shading Diffuse shading

Power (W)

Y, (cm)
Y, (cm)

Y (cm)

X (cm)

Figure 2.6: Simulation results of PV partial shading effects. a, PV module under a rectangular shadow with
dimension of X, and Yy, and corresponding color maps of PV power generation under two different shading
conditions. b, PV module under a rectangular illuminated area with dimension of X and Y, and corresponding
color maps of PV power generation under two different shading conditions.

As discussed in the model of one-DOF PV blind, rectangular and triangular shadows
are observed in the typical shading conditions. Usually, the area of triangular shadow
on a long narrow slat is negligible due to its relatively small size. Therefore, Eq. (2.13) is
simplified as

SbO = ltsl w. (2.19)

In this case, according to Eq. (2.8), the input power P;, for all slats in the PV blind is
derived as

; . zs m
Ig”lw(xs cosfy + zssinfy) + Gy gl w, arctanx—s -5 <0,<0;
N
i z
P, = Igi”lwxs+Gh,dlw, 0<9y<2arctanx—s; (2.20)
dir : Zs . s T
Ig" lw(xscosOy + zgsinby) + G glw, 2arctan — <0y <arctan — + 7
Xs Xs
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We notice that P;, is independent of [, the length of the individual slat. It means
that the number of slats does not affect P;;, as long as the dimension of the window
is given and the triangular shadows are ignored. We also notice that P;, remains maxi-
mum when 8 € [0, 2arctan(zs/ xs)], which means the quasi-perpendicular position (8, =
arctan(zs/xs)) where Gy gjopar reaches the peak is not the only option for the maximum
Pjy. To better illustrate Gy, g1opa1, Sp, and P;y, in different tilt positions, a set of example
data is introduced (see Table 2.1) to draw the semicircular color maps (Figure 2.7b, c, d).

G (W/m?)

1.global

Optimum
position

Il =

100 600 1100

Figure 2.7: Simulation results of all possible one-DOF sun tracking positions. a, A schematic of a PV blind with
rotation angle 8. b, A semicircular color map of G gjopq; as a function of 6. ¢, A semicircular color map of
Sp as a function of 0. d, A semicircular color map of P;;, as a function of 0.

Referring to Eq. (2.3), the maximum P, is gained with the maximum P;, and 7,
i.e. no shadow on the PV plane (S, = Spy). In regard to this one-DOF PV blind, the
optimum position is located where 6 equals to 0 or 2arctan(zs/xs). However, 8, =0
means the blind stays in the closed position forever, which is not appropriate, because it
turns the window into a PV wall and disables the function of daylighting. Therefore, the
only feasible option of the optimum 6, is 2 arctan(z,/ x;).

Shadow simulation in a SketchUp [18] model (Figure 2.8) demonstrates that this op-
timum 6y, can effectively avoid rectangular shadows from upper slats. However, it cannot
eliminate triangular shadows from window frames. Such triangular shadows are ignored
when we estimate P;, because of the small area. But they cannot be ignored regarding
Nm due to partial shading effects of PV modules. What is worse, on the other side of the
blind, incident sunlight forms glare zones in the interior space. We have also tested the
PV blind with vertical slats, whose optimum position (8, = 2(x — As)) cannot avoid tri-
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Exterior wall

Glare zones Triangular shadows

Interior wall

Figure 2.8: Shadow simulation of the optimum position of one-DOF shading elements by SketchUp [18]. Inte-
rior glare zones (red) and triangular shadows (blue) on the slats are marked.

angular shadows and glare zones either. Therefore, we conclude that PV window treat-
ments with one DOF are not able to achieve the maximum P,;; and not able to avoid
glare in the optimum position in the proposed model. Despite the restrictions of this
model, improved design of the one-DOF PV blind will be discussed in the next section.

2.3.2. OPTIMAL DESIGN OF CELL LAYOUTS

When inevitable shadows are cast on the PV modules, the layout of solar cells deter-
mines how serious the PV module suffers from the partial shading effects. In terms of
the one-DOF sun tracking, triangular shadows caused by walls and window frames are
inevitable. In this case, the cell layouts of vertical stripes (Fig 2.9a) and horizontal stripes
(Fig 2.9¢) are affected by partial shading effects. Obviously, vertical stripes suffers more
since the series current is limited by the most shaded cell. To alleviate the decrease of PV
module efficiency, optimal layouts are applicable if the restriction in Assumption 1 (PV
area equals to wl) is relaxed. In regards to vertical stripes, we can leave the shading area
blank, i.e. without covering the solar cells (Fig 2.9b). The length of blank area is 21;,;,
where the side length of the triangular shadow [;,; is derived as

Lyri = Io. (2.21)

Ys sinf),
Xs

To avoid shadows, the actual /;;; shall be the maximum value among all possible [;;
over the entire year. As to horizontal stripes, we can extend the width of the slats to w’
(Fig 2.9d), where

w=w+2l;. (2.22)
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Figure 2.9: Optimization of cell layouts for one-DOF sun tracking. a, A PV slat with vertical stripes, suffering
from the partial shading effects caused by the triangular shadow. b, An improved PV slat with vertical stripes,
avoiding the influence by the triangular shadow. ¢, A PV slat with horizontal stripes, suffering from the partial
shading effects caused by the triangular shadow. d, An improved PV slat with horizontal stripes, avoiding the
influence by the triangular shadow and able to achieve the maximum power generation without causing glare
interior, but consuming more PV materials.

Theoretically, the improved layout of horizontal stripes is able to achieve the max-
imum power generation and non-glare daylighting with one-DOF sun tracking (0, =
2arctan(zg/xs)). However, the extension of slats costs more PV material, whose area is
211 for the window.

2.3.3. ANNUAL PHOTOVOLTAIC PERFORMANCE

To evaluate the performance of different sun-tracking methods and cell layouts, the an-
nual energy generation and average module efficiency are calculated using the climate

database from Meteonorm. By inputing a set of sz’,lohul for each solar cell in the PV

module, the simulation models generate hourly output power and module efficiency.
Then the annual energy generation per unit area (E,) and the annual average efficiency
(1m) of the PV module can be calculated. The simulation results of two sun-tracking
methods and two cell layouts are obtained by using the climate data of Shanghai, as
shown in Figure 2.10. It is obvious that the improved layout with optimum sun-tracking
method performs better than others in all the aspects of annual energy generation, an-
nual average efficiency, and glare protection. Compared with conventional perpendic-
ular sun tracking, the proposed sun tracking methods improve the annual energy gen-
eration by 12.00% and the annual average efficiency by 8.52%. Though the optimum
one-DOF sun tracking with unextended horizontal stripes shows competitive results in
aspect of E, and 7}, it cannot protect glare from the sun properly. Besides, the PV per-
formance of the optimum one-DOF sun tracking with unextended horizontal stripes de-
pends on the ratio of the width (w) to the side length (l) of the slat, i.e. Ry, (Figure
2.11). E, and 7, drop dramatically with the decrease of R/}, and they cannot reach
the max value. Note that here we ignore the power generation by the extended shading
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area due to the low diffuse irradiance. Therefore, we conclude that the improved layout
design with optimum one-DOF sun tracking is capable to gain the maximum annual en-

ergy generation and annual average efficiency, and also capable to protect glare from the
sun.

Sun-tracking method o Cell layout & shadow pattern I Annual energy generation (kWh/m?) Glare
on an individual shading element * I Annual average efficiency (%)
shadow
TriangWal 375 o dow ;
. hectangular s 16233
6, = arctan 2 |
s !
4 1 8.80
cal strips) :
cells (vertic® :
momee . B ___J_._. Yes
1 56.51
Quasi-perpendicular one-DOF 830
sun tracking e
1 59.02
772
7777777777 t= = 4 Yes
 69.37
9.54
69.81
: No
9.55

Optimum one-DOF sun tracking

* Note that the number of solar cells on the individual shading element for illustation is not necessarily the same as the that for simulation.
** The performance of the optimum one-DOF sun tracking with slats covered by horizontal solar cells is depending on the ratio of the width (1) to the side
length (1) of the slat.

Figure 2.10: Simulation results of four sun-tracking methods and two cell layouts using irradiation data of
Shanghai. a, Quasi-perpendicular one-DOF sun tracking. b, Optimum One-DOF sun tracking. ¢, Optimum
One-DOF sun tracking with improved design of cell layouts. Note that in ¢ we ignore contribution of diffuse
irradiance to the extended area for simplified calculation. Therefore, the actual values of E, and 7, in ¢ shall
be even more than that presented here.
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Figure 2.11: Definition and influence of Ry, . a, Definition of R/, i.e. the ratio of the width (w) to the side
length (o) of the slat with horizontal stripes. b, Plots of E; and 7}, in the function of R/, .
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2.3.4. GLARE PROTECTION

The glare simulations are conducted in the position near the window of the reference
office [20]. Figure 2.12 quantitively and visually shows the simulation results based on
the glare model mentioned above. Particularly, the proposed optimum solution reveals
imperceptible glare and 31% DGP, which is the best among all the solutions. The results
of point-in-time glare coincide with the theoretical derivations and the shadow simula-
tions by SketchUp. Specifically, triangular direct-illuminated zones were observed in the
optimum one-DOF sun tracking (Figure 2.8). It means that human eyes are possible to
be exposed under the direct sunlight. Among the candidate solutions, only the improved
layout with the optimum one-DOF sun tracking is capable to completely block the direct
sunlight, resulting in comfortable diffuse daylighting environment inside the room.

a b @®
Sun-tracking method ~ Quasi-perpendicular Optimum Optimum one-DOF
one-DOF one-DOF with improved layout
S " Intolerable Glare Intolerable Glare Imperceptible Glare
Ponit-in-time glare (100% DGP) ** (100% DGP) (31% DGP)

N\ A/ Ry
Fisheye images 9

% 1700

1300
False-color images ’

900

500

100

* Simulation conditions: 11:00 AM, 20th March, 2017, clear sky, in the reference office, in Shanghai.
** Point-in-time glare is evaluated by discomfort glare rating (DGR) and daylight glare probability (DGP).

Nsten,

Figure 2.12: Simulation results of point-in-time glare by three possible solutions.

2.4. DISCUSSION

N reality, the PV shading elements in our models could be PV blinds (one DOF). The

PV shading system can be installed within the cavity of a double-pane window in new
buildings, or simply mounted in the interior window area of existing buildings, just like
the installation of conventional window blinds. The size of the PV slats should be cus-
tomized according to the dimensions of windows. The optimum sun-tracking position
can be obtained by 8, = arctan(z;/x;) (one DOF) with the given solar position. The real-
time solar position can be calculated through the solar position algorithms [24] by preset
information, i.e. date, time, longitude and latitude of the building, and azimuth of the
window. A sun sensor can alternatively provide the solar position by realtime monitor-
ing. The flowchart of calculating the optimum sun-tracking position illustrates how to
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implement the sun-tracking algorithm in practical applications (Figure 2.13).
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Figure 2.13: Flowchart of determining the one-DOF optimum sun-tracking position.

The PV-generated electricity can be supplied to direct-current (DC) appliances by
a charge controller or alternating-current (AC) appliances by an inverter. The surplus
electricity generation can be stored in local battery banks or be sold to the grid. The
PV shading system can also be coupled with artificial lighting, heating and cooling sys-
tems. Besides the automatic sun-tracking mode, occupants also have demands for man-
ual control of the PV shading elements. For example, PV shading elements should stay
closed (the initial position) when occupants intend to dim the light or when privacy is
required. Also, open positions are in need when occupants desire the sunshine or the
outside view. Once manual control is involved, the PV power generation is no longer the
primary goal of the PV shading system.

2.5. CONCLUSIONS

N this chapter, we have investigated the performance of the one-degree-of-freedom

(one-DOF) sun tracking using our proposed irradiance model. The optimum one-
DOF sun tracking with the improved layout of horizontal stripes enables the sun-tracking
PV window to achieve the maximum power generation and non-glare daylighting at the
same time. Compared with conventional quasi-perpendicular sun tracking, the pro-
posed sun-tracking methods improve the annual energy generation by 12.00% and the
annual average efficiency by 8.52%. Such module-level improvements are more pro-
nounced than that triggered by new materials and process in most studies. The PV blinds
with optimum one-DOF rotation require a simple mechanical structure, but cost more
PV materials.

REFERENCES

[1] Y. Gao, J. Dong, O. Isabella, R. Santbergen, H. Tan, M. Zeman, and G. Zhang, A
photovoltaic window with sun-tracking shading elements towards maximum power
generation and non-glare daylighting, Applied Energy 228, 1454 (2018).


http://dx.doi.org/ 10.1016/J.APENERGY.2018.07.015

REFERENCES 33

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

(12]

S.Kang, T. Hwang, and J. T. Kim, Theoretical analysis of the blinds integrated pho-
tovoltaic modules, in Energy and Buildings, Vol. 46 (2012) pp. 86-91.

S.H.Kim, . T. Kim, A. S. Choi, and M. Sung, Evaluation of optimized PV power gen-
eration and electrical lighting energy savings from the PV blind-integrated daylight
responsive dimming system using LED lighting, Solar Energy 107, 746 (2014).

W. Bahr, A comprehensive assessment methodology of the building integrated photo-
voltaic blind system, Energy and Buildings 82, 703 (2014).

M. Mandalaki, T. Tsoutsos, and N. Papamanolis, Integrated PV in shading systems
for Mediterranean countries: Balance between energy production and visual com-
fort, Energy and Buildings 77, 445 (2014).

Y. Luo, L. Zhang, X. Wang, L. Xie, Z. Liu, J. Wu, Y. Zhang, and X. He, A compara-
tive study on thermal performance evaluation of a new double skin fagade system
integrated with photovoltaic blinds, Applied Energy 199, 281 (2017).

Z.Hu, W. He, J. Ji, D. Hu, S. Ly, H. Chen, and Z. Shen, Comparative study on the an-
nual performance of three types of building integrated photovoltaic (BIPV) Trombe
wall system, Applied Energy 194, 81 (2017).

Z.Hu, W.He, D. Hu, S. Lv, L. Wang, J. Ji, H. Chen, and]. Ma, Design, construction and
performance testing of a PV blind-integrated Trombe wall module, Applied Energy
203, 643 (2017).

T. Hong, C. Koo, J. Oh, and K. Jeong, Nonlinearity analysis of the shading effect on
the technical-economic performance of the building-integrated photovoltaic blind,
Applied Energy 194, 467 (2017).

H. S. Park, C. Koo, T. Hong, J. Oh, and K. Jeong, A finite element model for estimat-
ing the techno-economic performance of the building-integrated photovoltaic blind,
Applied Energy 179, 211 (2016).

J. Oh, C. Koo, T. Hong, K. Jeong, and M. Lee, An economic impact analysis of res-
idential progressive electricity tariffs in implementing the building-integrated pho-
tovoltaic blind using an advanced finite element model, Applied Energy 202, 259
(2017).

C. Koo, T. Hong, J. Oh, and J.-K. Choi, Improving the prediction performance of the
finite element model for estimating the technical performance of the distributed gen-
eration of solar power system in a building facade, Applied Energy 215, 41 (2018).

S. Hong, A. S. Choi, and M. Sung, Development and verification of a slat control
method for a bi-directional PV blind, Applied Energy 206, 1321 (2017).

S. Hong, A. Choi, and M. Sung, Impact of bi-directional PV blind control method on
lighting, heating and cooling energy consumption in mock-up rooms, Energy and
Buildings 176, 1 (2018).


http://dx.doi.org/ 10.1016/j.enbuild.2011.10.042
http://dx.doi.org/10.1016/j.solener.2014.06.022
http://dx.doi.org/10.1016/j.enbuild.2014.07.065
http://dx.doi.org/10.1016/j.enbuild.2014.03.046
http://dx.doi.org/ 10.1016/j.apenergy.2017.05.026
http://dx.doi.org/10.1016/j.apenergy.2017.02.018
http://dx.doi.org/ 10.1016/j.apenergy.2017.06.078
http://dx.doi.org/ 10.1016/j.apenergy.2017.06.078
http://dx.doi.org/10.1016/j.apenergy.2016.05.027
http://dx.doi.org/10.1016/j.apenergy.2016.06.137
http://dx.doi.org/ 10.1016/j.apenergy.2017.05.158
http://dx.doi.org/ 10.1016/j.apenergy.2017.05.158
http://dx.doi.org/10.1016/j.apenergy.2018.01.081
http://dx.doi.org/ 10.1016/j.apenergy.2017.10.009
http://dx.doi.org/10.1016/j.enbuild.2018.07.022
http://dx.doi.org/10.1016/j.enbuild.2018.07.022

34

REFERENCES

(15]

(16]

(17]

(18]
(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

H. Mousazadeh, A. Keyhani, A. Javadi, H. Mobli, K. Abrinia, and A. Sharifi, A review
of principle and sun-tracking methods for maximizing solar systems output, Renew-
able and Sustainable Energy Reviews 13, 1800 (2009).

C. A. Gueymard, Direct and indirect uncertainties in the prediction of tilted irradi-
ance for solar engineering applications, Solar Energy 83, 432 (2009).

A. Smets, K. Jager, O. Isabella, R. van Swaaij, and M. Zeman, Solar Energy: The
Physics and Engineering of Photovoltaic Conversion, Technologies and Systems (UIT
Cambridge, 2016) p. 488.

A. Chopra, Introduction to google sketchup (John Wiley & Sons, 2012).

J. Remund and S. Kunz, METEONORM: Global meteorological database for solar en-
ergy and applied climatology (Meteotest, 1997).

Y. Gao, J. Dong, O. Isabella, M. Zeman, and G. Q. Zhang, Daylighting simulation
and analysis of buildings with dynamic photovoltaic window shading elements, in
Solid State Lighting: International Forum on Wide Bandgap Semiconductors China
(SSLChina: IFWS), 2017 14th China International Forum on (IEEE, 2017) pp. 52-55.

J. A. Jakubiec and C. E Reinhart, DIVA 2.0: Integrating daylight and thermal simu-
lations using rhinoceros 3D, DAYSIM and EnergyPlus, Proceedings of Building Sim-
ulation 2011: 12th Conference of International Building Performance Simulation
Association , 2202 (2011), arXiv:arXiv:1011.1669v3 .

K. Lagios, J. Niemasz, and C. E Reinhart, Animated Building Performance Simu-
lation (ABPS) - Linking Rhinoceros/Grasshopper With Radiance/Daysim, SimBuild
2010, 321 (2010).

J. Hofer, A. Groenewolt, P. Jayathissa, Z. Nagy, and A. Schlueter, Parametric analy-
sis and systems design of dynamic photovoltaic shading modules, Energy Science &
Engineering, 134 (2016).

I. Reda and A. Andreas, Solar position algorithm for solar radiation applications,
Solar energy 76, 577 (2004).

S. Dongaonkar and M. A. Alam, Geometrical design of thin film photovoltaic mod-
ules for improved shade tolerance and performance, Progress in Photovoltaics: Re-
search and Applications 23, 170 (2015), arXiv:1303.4604 .

K.Ishaque, Z. Salam, and Syafaruddin, A comprehensive MATLAB Simulink PV sys-
tem simulator with partial shading capability based on two-diode model, Solar En-
ergy 85, 2217 (2011).

I. Konstantzos and A. Tzempelikos, Daylight Glare Probability Measurements And
Correlation With Indoor Illuminances In A Full- Scale Office With Dynamic Shading
Controls, International High Performance Buildings Conference , 147 (2014).


http://dx.doi.org/ 10.1016/j.rser.2009.01.022
http://dx.doi.org/ 10.1016/j.rser.2009.01.022
http://dx.doi.org/10.1016/j.solener.2008.11.004
https://www.uit.co.uk/solar-energy
https://www.uit.co.uk/solar-energy
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1017/CBO9781107415324.004
http://arxiv.org/abs/arXiv:1011.1669v3
http://docs.lib.purdue.edu/ihpbc/147 http://www.ibpsa.us/pub/simbuild2010/papers/SB10-DOC-TS06A-03-Lagios.pdf
http://docs.lib.purdue.edu/ihpbc/147 http://www.ibpsa.us/pub/simbuild2010/papers/SB10-DOC-TS06A-03-Lagios.pdf
http://dx.doi.org/10.1002/ese3.115
http://dx.doi.org/10.1002/ese3.115
http://dx.doi.org/10.1002/pip.2410
http://dx.doi.org/10.1002/pip.2410
http://arxiv.org/abs/1303.4604
http://dx.doi.org/10.1016/j.solener.2011.06.008
http://dx.doi.org/10.1016/j.solener.2011.06.008
http://docs.lib.purdue.edu/ihpbc/147

MULTI-AXIS PHOTOVOLTAIC
WINDOW SHADES

Abstract

In the previous chapter, the frame-shading problem of PV blinds was solved by extending
the PV slats. Alternatively, this issue was addressed by adding extra degree of freedoms
(DOFs) in this chapter. As organized previously, models of two-DOF and three-DOF ro-
tations are at first built. Secondly, two-DOF sun tracking is mathematically proven to
be not able to gain either maximum power generation or non-glare daylighting under
the strict assumptions, just like the one-DOF counterpart. Then we derive the optimum
rotation angles of the variable-pivot-three-degree-of-freedom (VP-3-DOF) sun-tracking
elements and demonstrate that the optimum VP-3-DOF sun tracking can achieve the
aforementioned goals. Simulation results of nine global cities show that the annual en-
ergy generation and average module efficiency are improved respectively by 27.40% and
19.17% via the optimum VP-3-DOF sun tracking over the conventional perpendicular
sun tracking. The proposed optimum sun-tracking method can also protect against sun
glare. Additionally, the optimum VP-3-DOF sun tracking has been demonstrated to be
applicable to horizontal PV windows.

Parts of this chapter have been published in Applied Energy 228, 1454 (2018) [1].
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3.1. LITERATURE REVIEW ON MULTI-AXIS PHOTOVOLTAIC WIN-
DOW SHADES

OMPARED with one-axis PV window blinds, only a handful of literatures have been
found regarding PV windows with two-DOF shading elements due to the complex
structure. Those with three-DOF sun-tracking functions are rarely reported.

Most of the studies on two-DOF sun-tracking PV shading devices were based on a
prototype of an adaptive solar envelope (ASE) at the ETH House of Natural Resources [2],
as shown in Figure 3.1. Hofer et al. tackled the partial shading problem by adjusting the
size of PV panel on the square and the distance between squares, without considering
to use other sun-tracking method [3]. Jayathissa et al. chose the optimal sun-tracking
method by exploring all possible dynamic PV orientations [4]. However, for simplicity, all
PV panels moved simultaneously with discrete angles (15°). Therefore, it can not achieve
a continuous sun tracking according to the solar position.

Figure 3.1: Adaptive solar panels attached to the fagade of the House of Natural Resources (Copyright © ETH
Zurich / Marco Carocari).

Hong et al. conducted a preliminary study on the two-axis PV blind. The slope of the
PV panel ranged from 0° to 90°; and the azimuth of the PV panel was limited in the range
of -9° to 9°, as shown in Figure 3.2a. The electricity generation of the two-axis PV blind
was not evaluated in this study [5]. Based on a similar setup, Koo et al. compared four
types of PV blinds, i.e. amorphous silicon (a-Si) PV panels embedded in fixed blind, a-
Si PV panels embedded in two-axis sun-tracking blind, copper-indium-gallium-selenide
(CIGS) PV panels embedded in fixed blind, and CIGS PV panels embedded in two-axis
sun-tracking blind. The conceptual diagram is illustrated in Figure 3.2b. Simulation and
analysis results showed that the two-axis CIGS PV blind performed better than other
alternatives in terms of energy self-sufficiency rate and net present value at year 25 [6].

3.2. TwWO-DOF SUN TRACKING

3.2.1. MODEL OF TWO-DOF ROTATION
HE methodology in this chapter is basically the same as that in Chapter 2 (see Section
2.2). The multi-DOF rotation models in this work are similar to the ASE at ETH,
but with no limitation of rotation angles. Dual-axis sun tracking is commonly used in
PV power stations since it can maximize P;, by positioning PV panels perpendicular
to the sunbeam [7]. In this model, two-DOF refers to free rotations of the PV shading
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Figure 3.2: a, Prototype model of two-axis PV blinds (figure adapted from [5]). b, Conceptual diagram of the
two-axis PV-blind prototype (figure adapted from [6]).

element around two axes (Figure 3.3a). To achieve free rotations around both axes, we
define that shading elements are identical squares; and the centre of each square is its
pivot, i.e. the cross point of two axes. According to Assumption 2 in Section 2.2, we only
need to study the rotation of an individual shading element regarding solar irradiance
because the positions of other squares can be obtained by simple translations due to
fixed pivots. Therefore, we define the centre of the target square as the origin of the
Cartesian coordinates. The altitude of the target PV square a py varies with the rotation
around y-axis, denoted by the rotation matrix Ry (6,) (see Eq. (3.3)). The azimuth of the
target PV square Apy is changed by the rotation around z-axis, denoted by the rotation
matrix R;(0;), i.e.,
cosf, -—sinf, 0
R,(0;) = [sinf, cosf, O0f. 3.1)
0 0 1

The orientations of 6, and 0, are illustrated in Figure 3.3b. According to Eq. (2.7),
Gt,giobal can be further derived as

Gt,global = Igir(Rz(gz) . Ry(Hy) . npvo)T ‘ns+Gpq

. (3.2)
= Iff”(xs cosBycosf; + yscosbysin, + zgsinb,) + G 4.

It’s interesting to notice that the one-DOF sun tracking can be regarded as a special
case of the two-DOF sun tracking. Compared with the one-DOF case, the PV shading
elements with two DOFs produce more complicated patterns of shadows, whose area
has no closed-form solution.

3.2.2. DERIVATIVE AND CALCULATION OF S; AND P;,

In order to calculate the direct-beam-illuminated PV area Sj, with arbitrary 8, and 6, we
firstly study that area on a typical single element Sj, and assume all elements have the
same patterns of shadows. It means that we ignore the shadows from walls and window
frames, and treat them as if they came from surrounding elements. In this way, we will
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z, RO)

Figure 3.3: Two-DOF sun tracking and definition of rotation angles a, A schematic of the rotated two-DOF PV
squares. b, Definition of rotation angles 6 and 6 5.

obtain a slightly smaller S;, than that containing shadows from walls and window frames.
Also, we assume that the PV shading elements are identical squares with the side length
of Iy (lp = wy). As to the window (I = n;ly and w = nyly), we need n;n,, squares to cover
up the window area. Since the position of axes will not affect the relative position of
rotated squares, thus will not affect Sj,, we choose the centre of the square to position
two axes for connivence.

Let Q;; denote No. ij square, which can be taken as a set of all the points on the
square; let O;(xoi}, Yoij» Zzoij) denote the centre of Q;;; let Qa;j, Qgij, Qcij, and Qp;;
denote the four corners of Q;; (Figure 3.4a). We define the origin of the Cartesian coor-
dinates O(0,0,0) as the centre of the target square Qqp, then the centre O;; of Q;; can be
written as (0, ilo, jlo). The position of the centre O;; does not change when the square
rotates around it since we choose it as the pivot. A tilt position of Q; j be can achieved by a
twice-rotation procedure from the initial position. Firstly, Q;; rotates 6, around the axis
(x =0&z = Iy j) clockwise (viewing from the positive y-axis). Secondly, Q;; rotates 6,
around the axis (x = 0&y = lyi) anti-clockwise (viewing from the positive z-axis). Since
all squares rotate the same angle simultaneously, an arbitrary point on @;; can be de-
rived from Q. So here we mainly discuss the rotation of Qgg. In the original coordinate
Oxyz, rotation matrices Ry (6,) and R, (0,) can be expressed as

[cosf, 0 -—sinf)]
Ry(0,) = 0 1 0 , (3.3)
|sinfy, 0 cosBy |

[cosf, —sinf, 0]
R,(0,) = |sinf, cosf, O0Of. (3.4)
0 0 1]

Note that Ry, (6,) is different from the rotation matrix R, c_c’ as mentioned in the previ-
ous section.

For rotated squares, imagine that point O; j casts a shadow point Oy; j (X0si j» YOsi j» Z0si j)
on the surface of target square Qg (Figure 3.4b). Then we have O;; O;; || ns.

Similarly, in order to study the area of shadows, we build new coordinates Ox'y’z’
based on the rotated square Qg (Figure 3.4c & d). From coordinates Oxyz to coordinates



3.2. TWo-DOF SUN TRACKING 39

a Z b z
Qn{,]}y QC(-UI QL)(II Q(‘(” QD“ Q{f”
. . .
O{r D1 o{u Ou \ Oo! Or 1
Q/\{,y)] QK{J)I QAI]I QB[)I QAII QBII
.
Qn{rl)a Qc{-u Qmm Qf 00 Qnm ch O\“
_____ IS | P RN N
O{rrm Io Om A O(-Uu IO Ow y
1 1
Queno Quenf| R 1 Qoo Qo Q1
1
QDH)(—I}QC{r -] QDOHJ: Quoer)| Qoiery Qs |
| |
? ° ? .
Ocnen ,Oom ) Ocen |Onrrl) O,y
1 |
Venen Qs Quocn L Quoeif| Qi Qi 1
X 1 X !
. .
c da
2
0 a
1
1
|
x' ¥ !
z' 2
e f
o [7 ol
01 seD1
. ¢
01 s01
v .
o 4 .
D0 s !
o', SCD0 o',
! V' | %
! !
. 1 . [0
o L PN
grey : o', T : o',
o 17 o 17
14 14
1 1
1 1
., °
: 0’y : Ol
x' ! ' 1

Figure 3.4: Definitions in two-DOF model in the Cartesian coordinates. a, Two-DOF square Q;; in the initial
position in the original Cartesian coordinates Oxyz. Point O;; denotes the centre of Q; ;; points Q4;j, Qp;j,
Qcij» and Qp;j denote the four corners of Q;;. b, Two-DOF square Q;; in the rotated position in the origi-
nal Cartesian coordinates Oxyz. Point Og17 denotes the shadow point on the surface of the target square Qqo
casted by O1;. ¢, Target Two-DOF square Qg in the rotated position in the original Cartesian coordinates
Oxyzand the new Cartesian coordinates Ox'y’z’. d, Target Two-DOF square Qg in the rotated position in the
new Cartesian coordinates Ox’y’z'. e, Two-DOF square Q; j in the rotated position in the new Cartesian coor-
dinates Ox'y’Z'. f, Shadows on the surface of target square Qqq casted by Q; j in the new Cartesian coordinates
Ox'y'Z'. Grey parts are the real shadows on the target square Qqo.
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Ox'y'Z', arotation matrix Ry, c_¢'(6,0,) is required to achieve transformation, i.e.

Rzy,C—C’ (ez,ey) = Ry(—ey) ‘R,(-0;)

[ cos0, 0 smH cosf, sinf, O
= 0 —smH cosf, O
| —sinf, 0 cosBy 0 1 (3.5)
[ cos8,cos0y, smHZCOSBy sinf),
= —sinf, cosf, 0

| —cosf,sinf, -—sinf,sinf, cosb),

In the new coordinates Ox'y’z’, the normal vector of the square is n},,(1,0,0). The
solar position n}(x}, y;, z;) and the centre O;j(xbl.j, ybi]., zbl.j) of the square can be cal-
culated by

X cosf,cosby sinf,cosf, sinf,, X
ng=|ys| =Rzyc-c'0:,0y) -ng= —sin8, cosf, 0 |-yl
z; —cosf,sinf, -—sinf,sinf, cosl,| |z;
(3.6)
/ . .
X0ij X0ij cosf,cosby, sinf,cosf, sin6,
Yoi il =Rzy,c-c'(02,0y) - | yoij | = —sinf, cost, 0 lol
Zbij 20ij —cosf;sinf, —sinfd;sinf, coso, loj
(3.7
In the new coordinates Ox'y’z’, we also have O, ] (o) i .- || n§. The surface of the target
square Qg is x’ = 0, and the line O’ , O’s ;j canbe expressed as
/ / ! / ! !
X =Xoij YV ~Yoij % ~%oij
= = — = Aij. (3.8)
xS yS ZS
Since the shadow point OSl](xOSl]’yOSl]’ZOSIJ) is both on the surface of the target
square (x’ = 0) and on the the line O the equation to obtain O, . 1s given by
/ —
X0sij =0
x —y ) 2 g ) (3.9
osij “*o0ij _Yosij T Yoij _ Zosij T ?oij .
X Vs z Y
/
where the solution of Ow (xOs”, yOw,zOs”) is derived as
/ —
X0sij =0 ,
/ =I5y
Yosij = x;; Ol] yOz] . (3.10)
2 =B g
Osij xé Oij Oij
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’sij(xbsij,ybsij, stij)’ the 3D problem ends up as a 2D problem. The

shadow area on the target square Qqp casted by Q; ; is determined by the relative position
between O’Sl. i and 0(0,0,0) on the condition that Q;; is in front of Qg in the direction of
sunlight, i.e., x;,, P> 0 (Figure 3.4e & f). Since the surfaces of squares are parallel to each
other, the shadows on the target surface are also squares with the same dimensions.

By obtaining O

a b

z' Qy Qe Ve Zc2)

Qy Qu; Vo 2
Qps Qs Wiy Zcs

= Q. (yl,./u' 2 Q.

. Qu 0Viparr Zgad) Qy

o 2

Figure 3.5: Definitions for the calculation of Sj, on the target square. a, Definition of the set Tf}”, which is

grouped and numbered as illustrated. b, Definitions of the rectangle Qrec (y; A,z; " y;C,z;C), and the over-

lapped rectangle Q;¢c3 (red) of two rectangles Qrec1 and Qec2.

In order to find out the surrounding squares contributing to the shadows on the
target square, we group the surrounding squares by the sequence number of i and j.
Each group is defined as a set, which is denoted as TX! {Q;; | il < ki, |j| < k1,Q;j ¢

sur
Tf;e,m”, Ktemp < k1, kremp € No, k1 € Ny} (Figure 3.5a). The set of Q;; contributing to the

ithi k1 k1 : k1 ;
shadows on Qg within T, is denoted as T gsh* The union of total T _ qsh 18 denoted as

Tsgsh- The number of squares contributing to the shadows on the target square is de-
noted as k. T4s, and k; can be obtained by the function of fy;sp,, which is defined and
explained in Algorithm 1 (see Appendix B).

Since it’s quite difficult to predict the shape of shadows on the target square, we de-
veloped algorithms which are applicable to the calculation of such shadows by defin-
ing a few functions. The nature of those algorithms is to derive the overlapping rect-
angle of two rectangles which have parallel sides. Due to the way we define the coor-
dinates Ox'y'Z/, the sides of rectangles are parallel with the coordinates. Therefore, we
can define a rectangle Q1QpQcQp as Q,., whose sides are parallel with the coordi-
nates (Figure 3.5b). The coordinates of two corners Q(y’ A,z; 4) and Qc(y;C,z;C) can
represents the size and shape of Q... Therefore, we denote the rectangle Q1QpQcQp as
Q rec(y; " z; " y;C, Z;C). The function f2, is developed to find @3, the overlapped rect-

angle of Q;¢c1 and Q. (Figure 3.5b). Further, fok,? is developed to find the overlapped
rectangle of ks rectangles (see Algorithm 2 in Appendix B). When there’s no overlapped
area among rectangles, we denoted the overlapped rectangle as Qr.(0,0,0,0). We also
develop f; to calculate the area of rectangle Qrec(y; " z; " y;C, Z;;C) in Algorithm 3 (see
Appendix B).

The reason we have to find the overlapped rectangle is that we cannot simply add up
the areas of two rectangular shadows as the total area. We have to eliminate the extra
area caused by overlap. As to the calculation of more than three rectangles, we also have
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to consider the area of overlapped rectangles of the overlapped rectangles because we
eliminate them twice and have to add them again. This algorithm is described more
clearly in Algorithm 4 (see Appendix B). By obtaining the area of shadows Sy on the
target square, Sy can be calculated by

Spo = Spvo — Ssho» (3.11)

where Spyo denotes the area of an individual PV shading element.
Using the example data in Table 2.1, we can calculate Sy and P;, in all conditions
of 0, and 0. In terms of all PV shading elements, Sj, and P;, can be calculated by

Sp = niny Spo, (3.12)

Pip =ninyPinpg. (3.13)

3.2.3. TwWo-DOF RESULTS AND ANALYSIS

By using the same data set in Table 2.1, Gy g1opa1, Sp and Pj;, are calculated under a full
range of conditions of 6, and 0,. As before, we ignore the shadows from walls and win-
dow frames at first.

a G, gtopa W) b S, (m?) c P, (W)

¥ 600
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Figure 3.6: Simulation results of all possible two-DOF sun tracking positions. a-c, Color maps of Gy gjopai» Sp»
and P;; on the squares as a function of 0, and 0. d, A periodic contour map of G gjopa; (green), S (blue),
and P;, (red) on the squares as a function of 6 and 0. e, A color map of the maximum P;,, (yellow) and
the maximum Sy, (light blue) on the squares as a function of 6, and 6, with three optimum positions marked.
Note that the unit of angles 6y and 6 is radian.
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Apparently, Gy gjopar hits the peak when the PV plane is perpendicular to the sun-
beam (Figure 3.6a). However, S;, reaches the its minimum value at the very same posi-
tion (Figure 3.6b). As their product, P;, remains the maximum within a certain range,
instead of a single point (Figure 3.6¢). This conclusion is similar to that under the one-
DOF conditions (Figure 2.7d). To have the maximum P,,,;, the optimum position should
be located where P;,, and Sj, climb to the peak simultaneously.

To illustrate this issue clearly, two-dimensional maps of the three parameters are
drawn together as show in Figure 3.6d. If the optimum position exists, theoretically, there
are infinitely many such positions since periodic patterns are observed for G;,g10pai, Sp,
and P;,. Therefore, we only focus on the period nearest to the initial position, where
three eligible positions are found (Figure 3.6e). However, such three positions are lo-
cated at either 6, = 0 or 8, = 0, i.e., they are equivalent to the one-DOF sun tracking.
Specifically, among the three optimum positions in the 6,-0, coordinates (Figure 3.6e),
(0,0) indicates the closed position, which is meaningless for windows as discussed be-
fore; (0,2arctan(z,/x;)) and (2(m — As),0) represent the optimum positions of the one-
DOF sun tracking with horizontal axes and vertical axes respectively. Therefore, in terms
of the optimum position of sun tracking, the PV shading elements with two DOFs per-
form exactly the same as that with one DOE Triangular shadows caused by walls and
window frames affect the module efficiency the same way as discussed in one-DOF sun
tracking. Therefore, we can draw a similar conclusion that PV window treatments with
two DOFs are not able to achieve the maximum P,,; and not able to avoid glare in the
optimum position in the proposed model.

3.3. THREE-DOF SUN TRACKING

3.3.1. MODEL OF THREE-DOF ROTATION

S proved previously, PV shading elements with two DOFs cannot lead to a perfect
Asolution. Therefore, one more DOF is added to the rotation of the PV shading ele-
ments in order to achieve the optimization objective. As before, the centre of the target
PV square is defined as its pivot, i.e. the cross point of the three axes. Note that the po-
sition of the pivot does not change the relative positions of all squares. Thus, the centre
can be used as the pivot, when we study the shadows on the target square from its sur-
rounding neighbors. The three-DOF sun tracking can be taken as three-step rotations
and mathematically defined using three rotation matrices (Figure 3.7). The first and
second rotations can be mathematically denoted by the rotation matrices Ry (6,) and
R;(0;), which are exactly the same as those in the two-DOF model. The third rotation
is denoted as R, (0,), which means that the target square rotates 6,, around its normal
npy clockwise (viewing from the positive direction of npy). After the first and second
rotations, npy is derived from the initial PV orientation npy¢(1,0,0) as

X5 cosycosl,
npy = [yn| =R.(0;)-Ry(0,) npyo = | cosOysinb, | . (3.14)
Zn sinfy,

The third rotation matrix R, (0,) can be expressed as

Ry (0,) = fipy +cos0,(I — ftpy) —sinb,npy, (3.15)
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Figure 3.7: Three-DOF sun tracking and definition of rotation angles a, A schematic of the rotated three-DOF
PV squares. b, Definition of rotation angles 8y, 6z, and 0.

where 7ipy and n;‘,V can be obtained by Egs. (3.16) and (3.17), i.e.
X2 XnYn XnZn
fipy=npy-npy' = |X0¥n V2 Ynzn|, (3.16)

2
XnZn  Ynin <n

0 —-Zn  Yn
npy = | zn 0 -xul, (3.17)
—Yn Xn 0

where npy (x5, ¥n, zn) is given by Eq. (3.14).
The overall rotation matrix for the target square with three DOF can be expressed as

Ryzn(gyy ez» gn) = Rn(en) . Rz(ez) . Ry(ey)- (3.18)

Since the third rotation does not change the normal of the PV square, G; g/pq in this
three-DOF model is the same as that in the two-DOF model (see Eq 3.2). The aforemen-
tioned algorithms (see Section 3.2.2) are also applicable to the calculation of S; on the
three-DOF PV squares.

3.3.2. THREE-DOF RESULTS AND ANALYSIS
Compared with the two-DOF rotations, the three-DOF sun tracking requires one more
dimension to illustrate the results of G, ¢jopai, Sp, and P;,, as shown in Figure 3.8. Appar-
ently, 6, does not affect G; ¢;opq; at all because it does not change apy and Apy (Figure
3.8a). However, it changes the shadows on the squares, and thus influences S;, (Figure
3.8b). Therefore, P;;, varies with 8,, 8., and 6, (Figure 3.8c).From the 3D color maps, it
is difficult to determine the optimum positions by only visual observation.

According to Eq. (3.18), an optimum Ry, (0,,0;,0,) corresponds to an optimum
sun-tracking position, where the maximum P;, and 7, are observed. Therefore, the-
oretically, the optimum Ryz,(0},0;,0,) can be derived based on the following two main



3.3. THREE-DOF SUN TRACKING 45

S, (m) P, W)

600

a b c
1
15
— 1000 v " P
g 0.9 500
N B ! o
) >
-J 08 400
0.5 y‘ w00 0.5 g 0.5 _y—
3 0.7 _y{— 300
0 400 0 ‘J 0
4 4 0.6 4 200
» 200 2 2
0,05 o 2 0,05 o 2 0,05 o 2
0. 0, 0.

Figure 3.8: Simulation results of all possible three-DOF sun tracking positions. a, A 3D color map of Gy g1opa1
on the squares as a function of By, 62, and 6;. b, A 3D color map of Sj, on the squares as a function of Hy, 0.,
and 0. ¢, A 3D color map of P;;, on the squares as a function of 0y, 6., and 0.

G gtobat (W)

conditions. First, there shall be no shadow on the target square from surrounding squares.
Second, the input power P;, shall stay the maximum, which is the same as that in the
initial position.

Since the position of the centre O;; does not change when the square rotates around
it, we can use Os; j(Xosi}, Yosi j» Z0si j), @ hypothetical shadow point on the surface of tar-
get square Qg casted by O;;, to determine the shadows on Qg (Figure 3.9a). In order to
study the area of shadows, we build new coordinates Ox'y'z’ based on the rotated Qqo.
From coordinates Oxyz to Ox'y'z’, a rotation matrix Ry,zy, c-¢' (0,02, 0y) is required to
achieve the transformation, which can be taken as a reverse procedure of the rotation
within the original coordinates Oxyz. Ryzy,c-c (01,0,,0y) can be expressed as

any,C—C’ (0,6, Hy) = Ry(_ey) "Rz (—0;) - Ry (—0y). 3.19)

o) LY o
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Figure 3.9: Definitions of three-DOF sun tracking. a, A schematic of the hypothetical shadow point Oy, ro-
tated squares, and the new Cartesian coordinates (red) built based on the target square. b, A schematic of the
ideal shadow pattern and geometrical conditions in the new Cartesian coordinates.

By Ryzy,c-c» @ 3-D problem is converted into a 2-D problem (Figure 3.9b). In the

new coordinates Ox'y’z’, in order to obtain the maximum S;, and P;, O’Si]. shall be in
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such positions that no shadow appears on Qj, and no sunlight “leak” away, which means
the solar power is fully received by the target square without wasted. As illustrated in
Figure 3.9b, O/, and O/, shall appear where conditions are fulfilled as follows,

|00'sm| = (00’301( =lo. (3.20)

To attain the optimum rotation angles 0y, 8., and 0, following derivations are con-
ducted based on the original coordinates Oxyz. With Ry.,(0,,0,0,), npy is obtained

by Eq. (3.14). Since O;Og;ij || ns, Os;j is on the line O;; Oy, i.e.,
X0sij —X0ij _ YOsij —Y0ij _ Z0sij — 20ij

Xs Vs Zs

= ij. (3.21)

For Q19 and Qg1, Os10 and Og; should be on the line 0190109 and Og; Og; respec-
tively. Referring to Eq. (3.20), O;19 and Ogg; should also be in such position that )00510’ =

|OOS()1 | = lp. Therefore, equations are derived as follows,

2_ .2 2 2 _ 2
100s10l” = X{5510 T Y0510 + 20510 = Lo

2_ .2 2 )
1005011 = X5501 + Yos01 + 20501 = 1o

Xos10 _ Yosto—lo _ zosio
_ _ “ o . (3.22)
Xs Vs Zs
X0s01 _ Yoso1 _ Z0s01—lo
= = = Ao
Xs Vs Zs

Considering x2 + y? + z2 = 1, it’s easy to derive

{/101 =0 or /101 = —ZZSZ() (3 23)

/110 =0 or /110 = —2)/510

When A;; =0, Og;; is overlapped with O;, which means that the square is either in
the closed state or under 1-DOF rotation. Therefore, with A;; = 0 left out, we have the
only solution as follows,

(3.24)

/101 = —2Zsl()
Ao =—2yslo

Then the coordinates of Oyy; and Oy are obtained.

Xos01 = —2Xs2slp
Yoso1 = —2¥szslo (3.25)
zoso1 = (1-222) 1

X0s10 = —2XsYslo
yosio=(1=2y91ly . (3.26)

z0os10 = —2¥szslo
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To derive npy (X, yn, z2n), we first consider that Oy;; is on the surface of Qqp, i.e.,
XpX+yny+2zpz2=0. (3.27)

Then, we consider that npy (x;, yn, 2,) should enable Qg to have the maximum P;,,.
From previous results we know that P;; hits the peak when squares are in the initial
position. Therefore, we let P;,, with npy (x,, ¥, 2,) equal to that with rpy(1,0,0), i.e.

U npy" - ns + Gpa)Spvo = UL npyo’ - ns+ Gpa) Spvo, (3.28)

ie.
XnXst YnYst+2nzs = Xs. (3.29)

Referring to Eq. (3.27) and 3.29, we have

XpXs+ YnYs+2nls = Xg
XpX0s01 + YnYos01 + Zn20s01 =0 . (3.30)
XnX0s10 + ¥nY0s10 + ZnZos10 = 0

With Eq. (3.25) and 3.26, equations are solved and npy is obtained, i.e.

Xn=2x2-1
VYn =2XsYs . (3.31)
Zn =2XsZ

Combined with Eq. (3.14), 6, and 6, are obtained by

0y = (=1 *Y) arcsin(2x;z5) + kym, kyez

2_1 ) (3.32)
Y+2k,m, k€7

SOy

6, = +arccos(

where k, and k, are two arbitrary integers.

To derive 6, according to Eq. (3.26), OO}, which is OO’fO(O, ly,0) after three-step
rotations, can be expressed as,

0 —ZxSyS N
OOSIO = Rn (en) ‘ Rz (ez) : Ry (ey) ‘ lO = (1 2y )lo . (3.33)
0 —ZySZsl()

Here, notice that Oj, is the point which is overlapped with Oy at first, but is on the
surface of Qg and rotate with @00

Also, it is easy to calculate OOT(;‘ , which is OO* (0, Iy, 0) after two-step rotations, i.e.

—lpsinf,
001‘6k =R;(0;)-Ry(6,)- lo COSHZ . (3.34)
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Therefore, combining Eq. (3.33) and 3.34, we have,
00510 = Ry (05) - 0055 . (3.35)
Geometrically, Eq. (3.35) means that OOy is formed from OOj; rotating 8, around npy

clockwise (view from the positive npy). According to the definition of dot product and
cross product, we have

. (3.36)

0O0j; - 00419 = cosOy,
OOT{; X Ooslo = sin(—Hn)an

Then it is easy to derive that

zssinf
—arccos[2xsyssinf; + (1 — 2y§) cosf,] 22 240
Xs
On = : (3.37)
zssinf
arccos[2xsyssinf, + (1-2y?)cosf,] ———=20
Xs

where 0,, € [-7, 7].

To verify the above derivations and determine k) and k., the same example data (see
Table 2.1) and algorithms are applied as discussed previously. From the periodical con-
tours of Gy, g1opat, Spy and Pj,, we can conclude that the solutions can fulfill the optimum
conditions. The optimum position nearest to the initial position is found, where k), =1
and k; = 0 (Figure 3.10). Therefore, the optimum rotation angles for the three-DOF sun
tracking are concluded as

0y =m— arcsin(2xszs),
2x2 -
—arccos(——), X;)scosf, <0;
cosfy,
0= 2x% -
S
arccos(——), XsVscos6, =0,
3 ( cos0, ) syscosty (3.38)
. 9 zssinf,
—arccos[2xsyssinf; + (1 -2y5)cosf;], ———— <0;
0, =+ S
zZssinf
arccos[2x;yssinf; + (1 —2y§) cosb,], it N | )
Xs

3.3.3. VP-3-DOF SUN TRACKING

Besides the solutions mentioned above, we also found other solutions meeting the opti-
mum conditions. However, those solutions share a common problem that they cannot
avoid the shadows from walls and window frames, even without the shadows coming
from the surrounding squares (see Supplementary Note 6 of Ref. [1]). Only the solution
provided by Eq. (3.38) describes the shadows with the same shape as that of the illumi-
nated area through an unshaded window. Therefore, this solution is the only one capable
of avoiding shadows from walls and window frames.
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| G i <

Figure 3.10: A periodic contour map of Gy, global (green), Sy, (blue), and P;,, (red) on the squares as a function
of 0y, 6z, and 6, where the value of 8, is obtained by Eq. (3.37). The solution points are marked with stars,
among which the one in the red circle is nearest to the initial position.

However, this solution for the three-DOF sun tracking still suffers from shading, when
the pivots lie in the centre of the PV squares. Though the shape of shadows fulfills the re-
quirement, the deviation of shadows caused by the fixed centres leads to interior glares
and shadows on the PV squares from walls and window frames (Figure 3.11a). Fortu-
nately, a trick is found to eliminate such a deviation by changing the position of the
pivot according to the solar position. Specifically, the bottom left corner A of the tar-
get square is used as the pivot, when the solar azimuth A; is less than the azimuth of the
window. Similarly, the right bottom corner B is taken as the pivot, when A is greater
than the azimuth of the window (Figure 3.11b). Mathematically, to switch the pivot from
the centre to the corner A or B, translations are required before and after the rotations.
Let Qo(x40, Y40, Z40) be an arbitrary point on the target square in the initial position, and
Q(x4,¥4,24) be the same point after the rotations. Also, we define two translations as

[0 —Ip/2 —lo/Z]T and [0 [o/2 —IO/Z]T, which are the translations from O to A, and
from O to B, respectively. Then, the position of Q after the mixed rotations and transla-
tions is obtained by

[xg0] [ O ] [0
Ryzn(0,02,0,) - (| yqo| — | —lo/2[)+ |=l/2|, 0.=0;
;Z = Lzqo]  1-hi2] - L=lof2] (3.39)
zq Xq0 0 0
Ryzn(0y,02,00)-(|ygo| — | /2 D+ | L2 |), 6,<0.
_Zq()‘ _—lo/z‘ _—lo/zd

With Eq. (3.39), we can obtain the trajectories of the four corners of the target square.
Such defined mixed rotations and translations can ensure that no shadow is on the PV
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squares and no glare appears inside (Figure 3.11b). The perfect solution comes into
effect with three-step rotations (see Eq. (3.38)) and an ingenious switch of pivots (see
Eq. (3.39)). Therefore, we name this sun-tracking method as the variable-pivot-three-
DOF (VP-3-DOF) sun tracking. Here we use the phrase “3-DOF” instead of “3-axis” be-
cause it is not necessary to actually have three axes in the physical structures as long as
the corners of the target square move along the trajectories. Note that the pivots only
need to switch one time a day when 6, = 0. The movement of the squares is continu-
ous, as illustrated by the trajectories in Figure 3.11b. The visualization of the optimum
VP-3-DOF sun tracking can be found in the Supplementary Video 1 of Ref. [1]. There-
fore, we conclude that the VP-3-DOF sun tracking is able to achieve the maximum power
generation and non-glare daylighting for this model.

Interior wall Interior wall

Figure 3.11: Optimum solutions to three-DOF sun tracking a, A schematic of the trajectories of a PV square
with the optimum three-DOF sun tracking and the corresponding SketchUp simulation, where shadows are
found on PV squares; and glare zones are found interior. The pivot is fixed in the centre of the PV square. b, A
schematic of the trajectories of a PV square with the optimum variable-pivot-three-DOF sun tracking and the
corresponding SketchUp simulation, where neither shadow nor glare is found. The pivot is variable from the
corner A to B according to 8. Visualizations of 3-DOF and VP-3-DOF rotations are provided in Supplementary
Video 1 of Ref. [1].

3.4. RESULTS

3.4.1. PHOTOVOLTAIC PERFORMANCE

BOVE we succeeded in maximizing the power generation at a certain time instant

with the VP-3-DOF sun tracking. Now we intend to verify that the VP-3-DOF sun
tracking also benefits the annual energy generation and average module efficiency com-
pared with conventional perpendicular two-DOF sun-tracking methods through simu-
lation studies. Since the performance of the partially-shaded PV modules varies with
the pattern of cell layouts, here we consider both layouts of vertical stripes and horizon-
tal stripes. The method of calculating the shadows on the element with perpendicular
two-DOF sun tracking has been introduced in the Supplementary Note 6 of Ref. [1].

Like in the previous chapter, by inputing a set of szlobal for each solar cell in the
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Cell layout & shadow pattern I Annual energy generation (kWh/m?)
on an individual shading element * Il Annual average efficiency (%)

e
Perpendicular two-DOF
sun tracking
Eq. 338 & 3.39 ‘H‘M

* Note that the number of solar cells on the individual shading element for illustation is not necessarily the same as the that for simulation.
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Figure 3.12: Simulation results of four sun-tracking methods and two cell layouts using irradiation data of
Shanghai. a, Perpendicular Two-DOF sun tracking. b, Optimum variable-pivot-three-DOF sun tracking. Note
that in a we ignore the shadows from walls and window frames for simplified calculation. Therefore, the actual
values of E; and 7, in c shall be even less than that presented here. The sketch of sun-tracking method in b
only presents the three-DOF rotations, instead of the variable pivot.

PV module, the simulation models generate hourly output power and module efficiency.
Then the annual energy generation per unit area (E,) and the annual average efficiency
(7m) of the PV module can be calculated. The simulation results are obtained by using
the climate data of Shanghai, as shown in Figure 3.12. It is obvious that the proposed op-
timum VP-3-DOF sun-tracking method performs better than the two-DOF counterpart
in all the aspects of annual energy generation, annual average efficiency, and glare pro-
tection. In the example of Shanghai, with the VP-3-DOF sun tracking, E, is improved by
13.12%; and 7, is improved by 9.39%. Therefore, we conclude that the optimum VP-3-
DOF sun tracking is capable to gain the maximum annual energy generation and annual
average efficiency, and also capable to protect glare from the sun.

To draw a general conclusion, E, and 7, are calculated using the simulation results
of the other eight cities in the world. As the average over the nine cities, E, is improved
by 27.40%; 7, is improved by 19.17% using our proposed optimum VP-3-DOF sun track-
ing (see Tables 3.1 and 3.2).

3.4.2. GLARE PROTECTION

Using the same method as in the previous chapter, the glare simulations are conducted
in the position near the window of the reference office [8]. Figure 3.13 quantitively and
visually shows the simulation results based on the glare model mentioned above. Par-
ticularly, the proposed optimum VP-3-DOF sun tracking reveals imperceptible glare and
31% DGP. The results of point-in-time glare coincide with the theoretical derivations and
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Table 3.1: Results of E, calculated by the climate data of nine cities

E, (kWhIm?)

: kkk
City VP3-DOF Perp-v¢ Perpii LalFa
Shanghai 69.8083 617134 56,5245  13.12%
NewYork City 82.3466  61.9344 48.7999  32.96%
Tokyo 72.6332 589975 495441  23.11%
Beijing 84.5490  67.7503 55.4796  24.80%
London 61.6562  48.1851 41.3556  27.96%
LosAngeles  90.6252  63.9697 48.0345  41.67%
Toronto 757012 57.8710 47.7711  30.81%
Paris 56.9159  45.9986 393670  23.73%
Berlin 62.2552  48.8941 417071  27.33%
Average 729434 572571 47.6204  27.40%

*Perp-V indicates perpendicular two-DOF sun tracking with vertical cell layout.
**Perp-H indicates perpendicular two-DOF sun tracking with horizontal cell layout.
***In AE,4/ Eq, AEq indicates the difference of E,; between VP-3-DOF and Perp-V;
and E, indicates the E, of Perp-V.

Table 3.2: Results of 7, calculated by the climate data of nine cities

Nm (%)

City VP3-DOF  Perp-v_Perp-ii L m/m”
Shanghai 9.55 873 826  9.39%
New York City ~ 9.60 770 6.66  24.68%
Tokyo 9.55 830  7.53 15.06%
Beijing 9.64 800  7.02  20.50%
London 9.39 807  7.56 16.36%
Los Angeles 9.66 7.10 5.85 36.06%
Toronto 9.54 781  7.03  22.15%
Paris 9.35 814  7.65 14.86%
Berlin 9.40 805  7.52 16.77%
Average 9.5200 7.0889 72311 19.17%

*In A} /1, A} indicates the difference of 7, between VP-3-DOF and Perp-V;
and 7, indicates the 7, of Perp-V.



3.5. DISCUSSION 53

the shadow simulations by SketchUp.

a b
Sun-tracking method Perpendicular Optimum
two-DOF variable-pivot-three-DOF
s « Intolerable Glare Imperceptible Glare
Ponit-in-time glare (100% DGP) ** (31% DGP)

Fisheye images

False-color images

100

* Simulation conditions: 11:00 AM, 20th March, 2017, clear sky, in the reference office, in Shanghai.
** Point-in-time glare is evaluated by discomfort glare rating (DGR) and daylight glare probability (DGP).

Figure 3.13: Simulation results of point-in-time glare by four sun-tracking methods.

3.5. DISCUSSION

3.5.1. VP-3-DOF SUN TRACKING

HE mechanical realization of the VP-3-DOF motion is out of the scope of the current
T study. Some recommendations to realize the VP-3-DOF motion are given as follows.
Firstly, it is not necessary to have physical axes to achieve the rotation. The only require-
ment is to follow the trajectories provided by our mathematical model. Secondly, since it
is an interior lightweight application, the use of fine translucent wires can be considered
to actuate PV shading elements, similar to but more sophisticated than what the nor-
mal window blinds are using. Thirdly, electrical cables can be considered to be installed
along the wires to interconnect the PV modules.

Besides vertical windows, the proposed VP-3-DOF sun tracking is also applicable to
the horizontal sun roof. In terms of special scenarios, e.g. a glass greenhouse, the roof
area is large and the incident sunlight need to be controlled. Compared with the case
with vertical windows (Figure 3.14a), the optimum solution to the case with horizontal
windows (Figure 3.14b) can be derived in a similar way. Detailed derivations and results
are presented in the Supplementary Note 8 of Ref. [1]. A promising applications of the
VP-3-DOF sun tracking is in a greenhouse with movable PV roof to utilize the sunlight
for both food cultivation and electricity generation.
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Figure 3.14: Extended application of VP-3-DOF sun tracking. a, The model of PV squares in the vertical window
in the initial position. b, The model of PV squares in the horizontal window in the initial position. ¢, Rectan-
gular PV shading elements in the initial position. The shadows are simulated by SketchUp. d, Rectangular PV
shading elements in the rotated position. The simulated shadows are the same as that in the initial position.

Besides square PV shading elements, the rectangular PV shading elements can also
apply to the VP-3-DOF sun tracking. It has been demonstrated by shadow simulations
with SketchUp (Figure 3.14c & d).

3.5.2. LIMITATIONS OF THE CURRENT WORK

The proposed optimum sun-tracking methods have been developed based on an ideal
interior model. However, they are not necessarily applicable to exterior applications,
where the limitation of windows (see Assumption 1 in the previous chapter) does not
exist. On the other hand, exterior BIPV applications require rigorous standards on wind
resistance, snow load, etc. Furthermore, architects tend to focus on aesthetics instead
of PV power generation in regards to the exterior architectural design. Therefore, fur-
ther study is required before the proposed sun-tracking methods can be applied to the
outdoor cases.

In this study, we have assumed that the window is mounted in a rarely-shaded high-
rise building. However, in reality, high-rise buildings are usually built in congested ur-
ban areas, resulting in undesired shadows on the PV shading elements. As to the existing
buildings, shadows from surrounding buildings can be simulated over the entire year.
According to the shading conditions on the window area, case studies should be con-
ducted to optimize the sun-tracking methods, cell layouts, and interconnections of the
mini modules. As to new buildings, architects and urban planners should try to avoid
severe shading on the vertical facade of the PV-integrated buildings. The optimum lo-
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cations of buildings can also be obtained by the simulation of shadows over the entire
year.

3.6. CONCLUSIONS

Buildings consume a large amount of energy every year, but also bear great potential of
solar energy. The vertical window areas, which account for a large surface area of mod-
ern buildings, can potentially convert solar energy into electricity by active PV shading
elements, which can meanwhile prevent against the sun glare. Conventional sun track-
ing sticks to the principle of minimizing the angle between the PV surface normal and
the incident direction of the sunlight, aiming to obtain the maximum global irradiance
on the PV surface. The novelty of this study is that we break through the conventional
method and develop new sun-tracking methods optimized for the PV window shading
elements.

In this chapter, we have investigated the performance of two-DOF and three-DOF
sun tracking using our proposed irradiance model. The optimum variable-pivot-three-
degree-of-freedom (VP-3-DOF) sun tracking enables the PV window to achieve the max-
imum power generation and non-glare daylighting at the same time. Compared with
conventional perpendicular sun tracking, the proposed sun tracking methods improve
the annual energy generation by 27.40% and the annual average efficiency by 19.17% as
the average over nine cities in the world. Such module-level improvements are more
pronounced than that triggered by new materials and process in most studies. Compar-
ing the two proposed solutions in Chapters 2 and 3, the optimum one-DOF sun tracking
with extended PV slats and particular cell layout requires simpler mechanical structure
of rotations; while the optimum VP-3-DOF sun tracking requires less area of PV material
and simpler design of cell layout.

Besides the benefits in energy generation, both solutions provide the building occu-
pants with comfortable diffuse daylight and open exterior view. As an extended applica-
tion, the optimum VP-3-DOF sun tracking for PV shading elements on horizontal glass
roof of a greenhouse is capable to maximize the power generation, and also provides
the crops with certain amount of diffuse daylight. An economic PV horticultural sys-
tem can be built by applying the proposed sun-tracking method, which can increase the
production of crops and reduce the energy consumption. Theoretically, the optimum
variable-pivot-three-DOF sun-tracking method is applicable to any occasions requiring
the maximum power generation and the access to the natural diffuse light.
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ENERGY PERFORMANCE OF
BUILDINGS WITH PHOTOVOLTAIC
WINDOW SHADES

Abstract

In previous chapters, PV windows have been studied towards optimum performances of
power generation and sun glare protection. We have derived the formulas to compute
the shade-free sun tracking (the optimum sun tracking in previous chapters) for a single-
axis PV blind with an optimal design of cell layouts. The shade-free sun-tracking method
has been proved to be capable of achieving the maximum power generation and non-
glare daylighting. In this chapter, we focus on evaluating the contribution of this optimal
sun-tracking method to the energy saving in buildings by comprehensively considering
artificial lighting, heating and cooling. Via this comprehensive evaluation, the shade-
free sun-tracking method is compared with three static tilt angles and the conventional
perpendicular tracking method. The parametric model of the PV blind is integrated into
the three-dimensional model of a reference office room. Simulations show that using the
shade-free tracking method, the net energy consumption of the building, considering PV
production, artificial lighting, heating and cooling, is reduced by 10.49%, compared to
the perpendicular tracking method. With the shade-free tracking method, the PV blind
generates more electricity than that consumed by artificial lighting.

Parts of this chapter have been published in the 14th China International Forum on Solid State Lighting
(SSLChina), 52 (2017) [1]. Parts of this chapter have been submitted to Journal of Energy and Buildings.
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4.1. INTRODUCTION

B ESIDES electricity generation, PV windows can also adjust and control the amount
of incident sunlight, thereby affecting the energy consumption of artificial lighting
and air-conditioning inside the building environment. Two types of PV windows, static
and dynamic, have been commonly used and studied. Static PV windows usually con-
tain glazing-attached translucent PVs with certain transmittance or opaque PVs with
certain spacing. Dynamic PV windows integrate opaque PVs with adjustable window
treatments, e.g. blinds, shutters, etc.

As to a building with static PV windows, its energy performance can be affected by
PV-window characteristics, such as the PV power conversion efficiency (PCE), the trans-
mittance or spacing of solar cells, and the cell layout on the window glazing. Elarga et
al. evaluated the energy performance of facade cavity integrated with semi-transparent
PV modules. Results showed that such integrated PV system reduced the cooling energy
demands of buildings [2]. Jovanovic et al. simulated the performance of PV modules
combined with a Trombe wall. Results showed that an optimal tilt angle increased the
electricity production of PV modules, which were suggested to be installed outside of
the Trombe wall [3]. Schmid et al. simulated the net zero supplementary interior light-
ing powered by PV windows. Using separate opaque solar cells on a transparent glaz-
ing resulted in better performance than a transparent single-glazed window in terms of
illuminance distribution and glare protection. An alternative approach, using a 30%-
transparency thin-film PV window, performed even better in respect of glare protection
[4]. Han et al. investigated the performance of a double-side PV facade through field
measurement. Results indicated that it reduced the heat gain of the building in summer
and generated extra electricity. The influence of the temperature on the conversion ef-
ficiency of see-through thin-film PV is negligible compared to considerable reduction of
heat gain [5]. Zhang et al. studied the over all energy performance of a building with
semi-transparent photovoltaic (STPV) modules by developing a comprehensive simula-
tion model of thermal balance, daylighting and power generation. Results showed that
STPV windows reduced the electricity consumption by 18% and 16% respectively com-
pared to the clear single and double-pane glazings in Hong Kong [6]. Xu et al. inves-
tigated the overall energy performance of office buildings with spaced solar cells dis-
tributed on the windows. Results under the climatic conditions of central China indi-
cated that the optimal PV cell coverage reduced the electricity consumption by 13% on
average compared to the least favourable coverage ratio [7].

Compared to a static PV window, the dynamic counterpart, e.g. a PV blind, could
flexibly adjust the incident sunlight by tuning the tilt angles of PV slats, consequently
balancing the PV power generation and interior energy consumption. Kang et al. ana-
lyzed several parameters of a PV blind. Among a series of inclined angles (from 0° to 90°
in 15° intervals), the maximum electricity production was obtained in the inclined angle
of 75°. The optimal width of the PV module was half of the width of the blind to avoid PV
shading effects. Moreover, the ventilation in the double-layer window facade decreased
the temperature of the cavity, consequently improved the electricity production by 8.3%
[8].

Kim et al. studied a combined system of a PV blind and dimmable LED lights. The PV
modules (6% PCE) were attached to the blind slats. In the reference room, the slat angle
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was kept at 0°. Meanwhile, in the adjacent test room, the slat angle was hourly controlled
to be orthogonal to the profile angle of the sunlight. The LED lighting in both rooms
was automatically controlled with the feedback of photosensors in order to maintain the
illuminance level of the target working plane. Experimental results showed that the PV
power generation in the test room was 32% more than that in the reference room; but
the energy saving of LED lighting in the test room was 35% less than that in the reference
room [9].

Bahr et al. assessed the design parameters of a PV-blind system based on a costs-
benefits analysis. Two variables were considered: the ratio between the installation dis-
tance of adjacent slats to the module depth (1, 2, and 3), and the tilt angle (0°, 25°, and
60°). The profit rate of the PV blind system was calculated by considering heating and
cooling loads, PV power generation with partial shading effects, daylighting and artificial
lighting. Simulation results showed that the highest profit rate was obtained when the
ratio was 2; and the tilt angle was 0° [10].

Mandalaki et al. investigated various typologies of PV shading systems in terms of
energy efficiency and visual comfort conditions. The Brise-Soleil system was proved to
be the most suitable typology to integrate PV modules. However, all typologies were
assessed in a fixed position; and the tilt angle of blinds was not given [11].

Luo et al. compared the thermal performance of PV blind within a double skin facade
(DSF) with that of conventional DSFs with and without shading blinds. Experimental re-
sults showed that the DSF PV blind can save 12.16% and 25.57% respectively in summer
compared with those two counterparts [12].

Hu et al. conducted comparative studies on the BIPV Trombe wall systems in regard
of electricity production and heating/cooling load reduction. Results showed that the
PV blind-integrated Trombe wall system was superior to the glass-attached and mass
wall-attached PV Trombe wall systems in terms of electricity saving and CO; emission
reduction [13, 14].

Hong et al. investigated the design parameters of the PV blind by nonlinearity analy-
sis. Three design variables were mainly considered, i.e. the orientation, the width of the
PV panel (from 10 mm to 50 mm in 10 mm intervals), and the season. Results showed
that the PV blind with 10 mm-width PV panels revealed the best performance in terms
of electricity generation and saving-to-investment ratio at year 25 because the relatively
smaller width alleviated the PV partial shading effects [15].

Park et al. developed a four-node-based finite element model (FEM,_,44.) to predict
the electricity generation of the PV blind. By this means, the economic performance
of the PV blind can be comprehensively analyzed for practical applications [16]. Based
on FEMy_ 040, Oh and Koo et al. improved the prediction accuracy of the model by
developing a nine-node-based finite element model (FEMg_,04,) [17, 18].

Hong et al. proposed the bi-directional control method, which eliminated the par-
tial shading problem of PV blinds. Compared with the uni-directional control method
(PV panel remained as orthogonal to the profile angle of the sunlight), the bi-directional
control improved the average illuminance of the room and generated comparative elec-
tricity [19]. In a following study, Hong et al. further evaluated the bi-directional control
method in regard of lighting and thermal performance. Results showed that the energy
consumption of lighting and heating system were reduced, but the cooling system con-



60 4. ENERGY PERFORMANCE OF BUILDINGS WITH PHOTOVOLTAIC WINDOW SHADES

sumed more energy, compared with the uni-directional control method [20].

Koo et al. compared four type of PV blinds, i.e. amorphous silicon (a-Si) PV pan-
els embedded in fixed blind, a-Si PV panels embedded in two-axis sun-tracking blind,
copper-indium-gallium-selenide (CIGS) PV panels embedded in fixed blind, and CIGS
PV panels embedded in two-axis sun-tracking blind. Simulation and analysis results
showed that the two-axis CIGS PV blind performed better than other alternatives in
terms of energy self-sufficiency rate and net present value at year 25 [21].

In Chapter 2, we have proposed a shade-free sun-tracking method (the optimum
sun-tracking method) for single-axis PV blinds, installed inside the building. With fur-
ther optimal design of the cell layout on the slats, the PV partial shading problem was
properly solved. The proposed one-axis sun-tracking method and corresponding cell
layout have been demonstrated to be capable of achieving the maximum PV power gen-
eration and non-glare daylighting. However, the influence of PV blinds on building en-
ergy performance was not estimated in terms of artificial lighting, heating and cooling.

In this work, we first introduce a typical built environment of a reference office room
with an interior PV blind, whose tilt angle is tunable. Secondly, the model of slat-attached
PV module containing series-connected solar cells is built considering the PV partial
shading effects. Thirdly, artificial lighting design is conducted with commercially avail-
able luminaire in the reference office room. We assume that the lamps are accurately
dimmable with sensors so that the lighting energy consumption can be compensated by
daylighting, which is affected by the tilt angle of PV slats. Fourthly, the thermal model is
implemented to evaluate the energy consumption of heating and cooling. Lastly, three
static tilt angles and two sun-tracking methods of PV blinds are evaluated in terms of PV
energy production, and energy consumption by artificial lighting, heating and cooling.

4.2, METHODS

N this study, annual energy performance is calculated by building geometrical and

mathematical models and implementing various softwares containing simulation en-
gines and packages, as shown in Fig. 4.1. The three-dimensional (3D) model of a typical
office room is built by Rhinoceros, which is a commercial computer-aided design (CAD)
software [22]. The electricity output of PV blinds is simulated based on a single-diode
PV model in MATLAB SimulLink [23], considering the PV partial shading effects. Two
inputs of the PV model, equivalent global irradiance and cell temperature, are given as
mathematical models. Daylighting and artificial lighting are simulated based on Radi-
ance, which is a suite of programs for the analysis of lighting using hybrid determinis-
tic/stochastic (Monte Carlo) ray tracing [24]. Energy consumptions by heating and cool-
ing in the built environment are simulated based on EnergyPlus, a simulation engine
containing many program modules for the calculation of heating and cooling energy de-
mand [25]. In this study, simulation engines like Radiance and EnergyPlus are integrated
in the Ladybug and Honeybee tools [26], which are free and open source environmental
plugins for Grasshopper. Grasshopper, as a plugin of Rhinoceros, provides a parametric
platform for graphical algorithm editing [27]. Fig. 4.1 shows the interconnected simula-
tion platforms, engines, and softwares implemented in this study.
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Figure 4.1: Simulation engines and tools used in this study.

4.2.1. 3D MODEL OF AN OFFICE ROOM
PV blinds mainly benefit the urban tall buildings, which hold a large area of windows
and require a great amount of energy. To quantify the energy contribution of PV blinds,
the CAD model of a typical office room is built by Rhinoceros [22]. We assume the of-
fice room is within a tall building located in Shanghai (31.40°N, 121.45°E). This office
model is adapted from a reference office, which was proposed as a baseline for com-
paring different technologies, such as artificial lighting, daylighting, window treatment,
etc. [28]. As shown in Fig. 4.2, the office room is designed in the shape of a shoebox, so
that the impact of lighting and shading control is obvious. The south-facing window of
the office room has a window-to-wall ratio (WWR) of 40%. PV blind is mounted on the
interior side of the window glass. We assume that the slats of the PV blind rotate simulta-
neously, so that PV slats are parallel to each other and receive identical solar irradiance.
The thickness of the PV-integrated slats is ignored in this model. For a PV blind with cer-
tain dimensions (w and /) and materials, its performance is mainly determined by the
tilt angle (0) of the slats (Fig. 4.2).

The dimensions of the office are shown in Figure 4.3; the reflectance of critical ge-
ometries in this model is listed in Table 4.1.

Table 4.1: Reflectance of critical geometries in the model of the reference office.

Geometry Reflectance
Ceiling 0.80
Floor 0.20

Interior walls  0.50
Furnishings  0.50
Glazing 0.20
Door 0.50
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Figure 4.2: Perspective view of the office model with the PV blind.
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Figure 4.3: Dimensions of the reference office illustrated in four views: perspective, top, front, and left.
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4.2.2. MODELS OF SOLAR CELL AND PV MODULE

An individual slat of the proposed PV blind contains several solar cells, which together
form a PV mini-module. Our previous study has demonstrated that slat-integrated solar
cells in the optimal layout of horizontal strips result in the maximum power generation
of the single-axis PV blind [29]. Therefore, the horizontal-strip layout of solar cells is ap-
plied to the design of the mini-module in this study. Since internal shading could happen
when the slats are in certain tilt angles, the PV module might suffer from PV partial shad-
ing effects, which affect the electrical performance of the PV blind. To precisely simulate
the PV partial shading effects, each solar cell requires unique inputs of solar irradiance
and cell temperature. The model of PV module is built by interconnecting 10 identical
solar-cell models in series, as shown in Fig. 4.4. The single-diode model of a solar cell is
used as a basic simulation unit. The equivalent circuit is also shown in Fig. 4.4, where
the output current is described as

V +RsI V +RI
I= Ilight_IO exp A -1|- R . , (4.1)
N

where Ij;gp, is the light-generated current; Iy is the diode saturation current; R; is the
series resistance; Ry, is the shunt resistance; A = ngkT./q is the modified ideality factor;
ng is the diode ideality factor; k is the Boltzmann constant (1.3807 x 1073 J/K); q is the
electron charge (1.6022 x 107'9C); and T, is the cell temperature. Detailed description of
the single-diode model can be found in [30].

10 solar cells

- ‘

Figure 4.4: Models of solar cell and PV mini-module.

In this study, the PV model is configured according to a commercial thin film cad-
mium telluride (CdTe) module (First Solar Series 67™, FS-6445). Detailed electrical spec-
ifications can be found in the data sheet of the product [31]. The PV model contains no
bypass diode due to the thin film technology and special module dimensions. The simu-
lation in terms of PV electricity generation is conducted in the environment of MATLAB
SimuLink. Two types of inputs are necessary for the PV model, the solar irradiance on
each cell and each cell’s temperature.

4.2.3. INPUT PARAMETERS
In Chapter 2, a simplified model of solar irradiance was proposed and applied to the
calculation of global irradiance on a tilt surface [29]. The global irradiance (Gg;opa;) On
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the non-shading PV module has been derived as
Ggiobal = If”(sinas cosO —cosascos Agsinf) + Gy 4, (4.2)

where Ifji " is the direct normal irradiance of the sunlight; a; and A are the solar alti-
tude and azimuth respectively; and Gy, 4 is the diffuse horizontal irradiance. Detailed
explanation of each notation can be found in Chapter 2.

In the partial-shading conditions, solar cells on the mini-module receive different
global irradiance. We assume that when the internal shading within the PV blind hap-
pens, the shading area receives no direct irradiance, but still receives diffuse irradiance.
Here we simply treat this diffuse irradiance as Gy, 4. For the cell in the partial shading
position, its irradiance is contributed by both directly-illuminated global irradiance and
diffuse irradiance. Thus, the equivalent global irradiance (G;’O ba l) is used as the input
of the cell model in partial shading,

cell
Gg‘l’obal - (1 - %) If”(sinas cosf —cosa;cos Agsind) + Gy 4, (4.3)
where S..;; and nglal Jow &€ the area of an individual solar cell and the area of the shadow
on the individual cell respectively.

The PV model also requires the input of the cell temperature (T;), which could be
affected by the environmental variables, such as ambient temperature (7,), equivalent

global irradiance (Geq ), wind speed, wind direction, and relative humidity. Since the
global

PV blind is mounted interiorly, the influence of wind is ignored here. Also, the contri-
bution of relative humidity to the cell temperature is ignored because it will not change
with the tilt angle. Then, the simplified model of cell temperature is used:

T, =0.943T, +0.028G°?

ohopar t 43 (4.4)

where the units of T, and G;’o by 1€ respectively °C and W/ m?. We use this model to

estimate the temperature of solar cells which might be in shadows, though the model is
originally developed for PV modules [32, 33].

4.2.4. TILT ANGLES AND SUN-TRACKING METHODS

The conventional sun tracking of PV systems aims to gain the maximum global irradi-
ance on the PV module. For PV modules with single-axis sun tracking, the maximum
global irradiance appears in the quasi-perpendicular sun-tracking method (Position D
in Fig. 4.5, referred to as “perpendicular tracking method” in the following context) in
no shading conditions [29]. However, for the case of PV blind, the maximum global ir-
radiance might not necessarily result in the maximum power generation due to the par-
tial shading effects. Our previous study has demonstrated that the shade-free tracking
method (Position E in Fig. 4.5) results in the maximum power generation and non-glare
daylighting [29]. In this study, three static tilt angles (0° (Position C), 15° (Position B), and
90° (Position A)) and two sun-tracking methods (Positions D and E) are chosen for the
comparative analysis of the overall energy performance of the PV blind. To simplify the
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calculation, the energy consumption of the sun-tracking system is ignored in this study.
Detailed derivations of the tilt angles of the perpendicular and shade-free tracking meth-
ods can be found in Chapter 2 [29].
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Figure 4.5: Cross-section diagram of three static tilt angles and two sun-tracking methods of PV slats.

4.2.5. DAYLIGHTING AND ARTIFICIAL LIGHTING

Regarding the PV blind in a fixed tilt angle, a static CAD model is sufficient for the sim-
ulation of interior daylighting for an entire year. However, situations are different with
respect to sun-tracking PV blinds, whose tilt angle varies with the solar position. It means
that a unique CAD model is required for each simulation time point over the entire year.
Using a conventional simulation method would consume lots of time and efforts if the
CAD models of PV blinds with various tilt angles were input manually. In this study,
we use parametric modeling and simulation to solve this problem. Grasshopper is ex-
actly such a parametric platform which is tightly integrated with Rhinoceros [22, 27]. La-
dybug and Honeybee tools, as plugins of Grasshopper, are mainly used for the lighting
and energy simulation in this study [26]. Ladybug uses the simplified irradiance model
called GenCumulativeSky to generate a cumulative sky radiance distribution, which can
accelerate the ray-tracing simulation by Radiance [34]. Honeybee visualizes the input
parameters of Radiance, and enables parametric modeling by interconnecting lighting
simulation blocks with Grasshopper components.

The illuminance on the target working plane contributed by daylighting varies with
solar radiance, solar position, and the tilt angle of the PV slats. The daylighting sim-
ulation for an entire year (one-hour interval) can be run in a loop in the Grasshopper
platform. The Grasshopper algorithm diagram for the loop simulation can be found in
Appendix C.

In the daytime, the daylighting through the PV blind is sometimes not sufficient to
meet the requirements of architectural standards of indoor illumination. That is when
compensative artificial lighting is required during the day. For office environment, the
standard average illuminance (Gs;,) on the target working plane (0.75 m height) is 500
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Figure 4.6: Interior artificial lighting design of the reference office room: (a) top view, and (b) perspective view.

lux [35]. At night, daylighting contributes zero to the indoor illumination, which is then
entirely provided by artificial lighting. In this study, we assume that the office room is
equipped with dimmable luminaire and smart lighting system, which is automatically
and precisely controllable by the feedback signal of accurate light sensors. In fact, this
feedback control functionality has already been realized in some commercial lighting
systems. Theoretically, a relatively accurate illuminance distribution on the target work-
ing plane can be obtained by rationally distributing the light sensor [36]. To simplify the
study, we only consider the average illuminance of the working plane, and ignore the
influence of the illuminance contrast between the working plane and the background.
We also assume that all luminaire are dimmed simultaneously. As shown in Fig. 4.6,
six identical luminaire are mounted on the ceiling of the office room. The illuminance
distribution in the room can be simulated by importing the IES file of the luminaire into
Radiance in Honeybee. Detailed parameters of the chosen luminaire can be found in the
product data sheet [37]. In respect of the energy consumption of artificial lighting, we
assume that the illumination by daylighting and artificial lighting can be superimposed
linearly. We also assume that the power consumption of six luminaire is proportional to
the average illuminance. The human activities in the office determines the time to turn
on/off the artificial lighting. The probability of lighting demand at a certain point of time
(P;(1)) is given by the weekly schedule of the indoor lighting as shown in Fig. 4.7. The
power consumption of artificial lighting at a certain time point (P;(¢)) can be estimated
by

PstaPi(D) Gsun<G
Pyt = ( Gsm) stal sun sta

0 Gsun = Gsta

, (4.5)

where Gg,,, is the average illuminance contributed by the daylighting; Py;, is the stan-
dard power consumption of artificial lighting, which can independently achieve the stan-
dard average illuminance on the target working plane.
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Figure 4.7: Weekly schedule of artificial lighting. P;(¢) is defined as the probability of lighting demand at a
certain point of time

4.2.6. HEATING AND COOLING SYSTEM

The tilt angle of the PV blind affects the amount of incident sunlight, which changes the
air temperature in the building environment, as it changes the daylighting mentioned
above. In a commercial building, the room temperature is usually maintained within
a certain range considering the human comfort. Therefore, the energy consumption
by heating and cooling in the building varies with the tilt angle of the PV blind. The
annual energy consumption by air-conditioning can be calculated by running a para-
metric simulation in Honeybee, using the EnergyPlus engine, which contains necessary
valid models and default inputs. The weekly schedules of the maximum and minimum
room temperature for a typical office environment are shown in Fig. 4.8 and 4.9. The
Grasshopper algorithm diagram for the loop simulation of the annual energy consump-
tion for heating and cooling can be found in Appendix C.

Monday to Friday|
— Saturday
— — — - Sunday

NS
Do

[
(=]

Temperature ("C)
&

Time of a day

Figure 4.8: Weekly schedule of the minimum room temperature.
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Figure 4.9: Weekly schedule of the maximum room temperature.

4.3. RESULTS

4.3.1. PV ELECTRICITY GENERATION

B Y inputing each cell’s G;’Oba ; and T at a certain point of time into the model of

the PV mini-module, the PV power generation is obtained, considering the PV par-
tial shading effects. The power generation by the PV blind over an entire year is then
obtained by running the MATLAB simulation in a loop. Simulation results under five
positions are shown in Fig. 4.10. It is obvious that the vertical fixed position (Position A
in Fig. 4.5) and the shade-free tracking method (Position E) reveal higher power gener-
ation compared to the other three positions. As explained in Chapter 2, the maximum
PV power generation is achieved in the vertical fixed position and shade-free tracking
method because the input power stays the maximum while no shading exits on the PV
slats [29]. To quantitively compare the PV power generation under five positions, accu-
mulative annual power generation, i.e. the energy generation in the form of electricity, is
calculated and shown in Fig. 4.11. Consistent with the results as shown in Fig. 4.10, the
vertical fixed position and shade-free tracking method generate the maximum amount
of electricity. However, the vertical fixed position turns the window into a wall, imped-
ing the daylighting and blocking the view. Therefore, to obtain the maximum annual
electricity generation by PV blind, the shade-free tracking method is a prime choice.

4.3.2. ENERGY CONSUMPTION BY ARTIFICIAL LIGHTING

The rated input power of an individual luminaire is 87 W. To obtain a standard average il-
luminance (Gs;4 = 500 lux), the luminaire is dim to 72.63% of the rated input power when
the daylighting contribution is zero (in the vertical fixed position or at night). There-
fore, the standard power consumption of artificial lighting system (six luminaire) P, is
379 W. With Pg;,, the illuminance distribution by artificial lighting on the target working
plane is simulated by Radiance in Honeybee (Fig. 4.12). In this study, we calculate the
illuminance on the working plane by daylighting and artificial lighting separately. First,
the artificial lights are turned off. The daylighting contribution to the illuminance dis-
tribution on the working plane is simulated and the annual results (Gy;, for each time
point) are obtained by running the Grasshopper algorithm in a loop. Second, by sub-
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Figure 4.10: Power generation by PV blind under five considered positions (see Fig. 4.5) in one-hour time

interval over the year.
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Figure 4.11: Annual electricity generation by the PV blind under five considered positions (see Fig. 4.5). The

maximum and the minimum values are marked with solid circles and star respectively.
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stituting Gsra, Gsun,» Psta, and P;(z) into Eq. (4.5), the power consumption by artificial
lighting at each point of time over an entire year is obtained, as shown in Fig. 4.13. It is
obvious that the artificial lighting consumes more electricity in the vertical fixed position
than the others, since the daylighting makes no contribution to the interior illumination
in the vertical fixed position. In contrast, the horizontal fixed position and shade-free
tracking method introduce more sunlight into the room and consume less electricity
for artificial lighting compared to the other three positions. The annual electricity con-
sumption is calculated by accumulating the power consumption over an entire year, as
shown in Fig. 4.14. In terms of electric lights, the most energy-saving tilt angle of the
PV slats appears in the horizontal fixed position. Considering both electricity generation
by PV blind and electricity consumption by artificial lighting, the shade-free tracking
method shows an obvious advantage over the other three fixed positions and one track-
ing method, and is the only method by which PV generates more electricity than that the
lighting consumes (Fig. 4.15).
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Figure 4.12: (a) Three-dimensional color map of illuminance distribution on the target working plane. (b) Two-
dimensional color map of illuminance distribution of the reference office (same height as the working plane).
Note that two color maps are illustrated by two different color bars from two different softwares.

4.3.3. ENERGY CONSUMPTION BY HEATING AND COOLING

By running the EnergyPlus simulation integrated with parametric models in a loop (Ap-
pendix C), the energy consumption by heating and cooling is obtained under five dif-
ferent positions of PV slats. The annual energy consumption by heating and cooling is
then calculated as shown in Fig. 4.16. The vertical fixed position results in the maxi-
mum heating energy consumption and the minimum cooling energy consumption. The
horizontal fixed position leads to the minimum heating energy consumption and the
maximum cooling energy consumption. With respect to the combination of the energy
consumption by heating and cooling, the shade-free tracking method consumes less en-
ergy than the others. But the difference from the most energy-consuming position (the
inclined fixed position) is very small (within 0.44%). Detailed values of annual energy
consumption by heating and cooling can be found in Table 4.2.
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Figure 4.13: Power consumption by artificial lighting under five considered positions (see Fig. 4.5) in one-hour
time interval over the year.
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Figure 4.14: Annual electricity consumption by artificial lighting under five considered positions (see Fig. 4.5).
The maximum and the minimum values are marked with solid circle and star respectively.
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Figure 4.15: Annual electricity generation by PV blind (orange), annual energy consumption by artificial light-
ing (blue), and net annual energy generation/consumption by PV and lighting (green) under five considered
positions (see Fig. 4.5). The maximum and the minimum values of the net energy generation/consumption
are marked with solid circle and star respectively.
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Figure 4.16: Annual electricity consumption by heating (orange), cooling (blue), and the combination of heat-
ing and cooling (green) under five considered positions (see Fig. 4.5). The maximum and the minimum values
are marked with solid circles and stars respectively.

4.3.4. OVERALL ENERGY GENERATION AND CONSUMPTION

Given the aforementioned results, the overall net energy consumption can be easily cal-
culated by considering the electricity generated by PV blind, the electricity consumed
by artificial lighting, the energy consumption by heating and cooling. As shown in Fig.
4.17, the shade-free tracking method proves its superiority over others. Compared with
the conventional perpendicular tracking method, the shade-free tracking method saves
10.49% energy. The horizontal fixed position (C) gives an annual energy consumption
of 4871.54 kWh. The conventional perpendicular tracking method (D) increases this by
6.55% while the shade-free tracking method (E) reduces this by 4.63%. This shows that
tracking can outperform the best fixed position, but only when the shade-free tracking
scheme is used. Detailed values of overall net annual energy consumption can be found
in Table 4.2.

Table 4.2: Overall annual energy consumption.

Energy consumption (kWh) A B C D E
Heating 1660.95 1589.96 1572.29 1586.25 1577.33
Cooling 3072.86 3145.96 3149.84 3146.27 3137.78
PV -707.96  -471.84 -469.80 -471.88 -707.96
Lighting 1226.59 821.58 619.21 929.79 638.79
Overall 5252.45 5085.66 4871.54 5190.43 4645.95

Energy saving by E 11.55%  8.65% 4.63% 10.49%  0.00%
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Figure 4.17: Net annual energy generation/consumption by PV and lighting (orange), annual electricity con-
sumption by the combination of heating and cooling (blue), and overall net energy consumption considering
PV generation, lighting, heating and cooling under five considered positions (see Fig. 4.5). The maximum and
the minimum values are marked with solid circle and star respectively.

4.4. DISCUSSION

N this study, the metropolis of Shanghai has been chosen as the location where the ref-
I erence office building stands. The energy consumption by artificial lighting, heating
and cooling are far more than the energy generated by PV blind. However, it is not neces-
sarily the same for other cases due to the different solar radiation and climate conditions.
Also, the shade-free tracking method has been demonstrated as the best tilt position for
PV blind only when the office is located in Shanghai. As to other locations, further study
is in need to draw a valid conclusion.

Besideslocations, the architectural attributes, e.g. window-to-wall ratio (WWR), room
dimensions, material reflectance, etc., can also affect the results of the simulations. Be-
sides, we ignore the energy consumption of rotating the PV blind, which is actually much
lower than that of lighting and air-conditioning systems, due to the light weight and
low inertia of the PV blind. Therefore, we expect that the observed trends hold for a
wider range of climate conditions, although the exact numbers might be different. This
method can be used to evaluate any other cases provided with the required parameters.
The evaluation of the comprehensive energy consumption and saving can hence be eas-
ily extended to the other scenarios.

For the case of this study, the PV blind is suitable to be integrated with artificial light-
ing system, since they present comparable amount of energy generation/consumption.
Also, the PV blind outputs direct current (DC), which matches the requirement of solid-
state lighting luminaire, e.g. LED lights.
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4.5. CONCLUSIONS

N this chapter, we have investigated the energy performance of a building-integrated

PV blind in terms of PV electricity generation, electricity consumption by artificial
lighting, and energy consumption by heating and cooling. Three static tilt angles and
two sun-tracking methods have been analyzed and compared by building parametric
models. Simulation results show that the shade-free tracking method is the most energy-
saving operation scheme for the PV blind. The shade-free tracking method can reduce
the net energy consumption by 10.49% compared with the conventional perpendicular
tracking method; and by 4.63% compared with the horizontal fixed position. Among the
five positions under evaluation, only by using the shade-free tracking method, the PV
blind generates more electricity than that consumed by artificial lighting.
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PHOTOVOLTAIC WINDOWS OF
AGRICULTURAL GREENHOUSES

Abstract

In a broad sense, buildings serve not only human beings. Typical examples include glass
greenhouses for plant cultivation, where incident sunlight can be controlled by dynamic
photovoltaic (PV) windows on the roofs. PV windows in greenhouses offer more pos-
sibilities of energy production and microclimate control by adjusting the sun-tracking
angles. In this work, we first build computer simulation models of typical greenhouses
with high-density (1/2 roof area) and low-density (1/3 and 1/4 roof area) PV layouts.
Then four special sun-tracking positions are found in the model of equivalent global
irradiance. Simulation models are also built in terms of PV modules and interior ir-
radiance. Simulations are conducted using the climate data of Delft, the Netherlands
(52.01°N, 4.36°E). Results show that high-density PVs under no-shading sun tracking
generate 6.91% more energy than that under conventional (quasi-perpendicular) sun-
tracking. Meanwhile, no-shading sun tracking allows more diffuse sunlight to enter the
greenhouse mounted with high-density PV panels, resulting in 10.96% and 10.68% im-
provement on the annual average global irradiance and uniformity on the target plane
compared to the fixed PV panels in the closed position. Regarding low-density PV lay-
outs, which barely suffer from partial shading problems, quasi-perpendicular sun track-
ing improves the annual energy generation by 7.40% relative to the closed position. How-
ever, the average global irradiance reaches the minimum in this position because more
sunlight is blocked by PVs. Meanwhile, the average uniformity of global irradiance re-
veals good (but not the best) performance, resulting in up to 9.80% (1/3 coverage) and
4.70% (1/4 coverage) improvement respectively compared to the closed position. The
proposed methods and simulation results provide guidelines for the initial design and
daily operation of PV greenhouses, aiming to balance the PV power generation and food
production.

Parts of this chapter have been published in Applied Energy 233-234, 424 (2019) [1].
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5.1. INTRODUCTION TO AGRIVOLTAICS

ENEWABLE and clean energy, as the alternatives of fossil fuels, plays a critical role on
R alleviating the impacts of greenhouse-gas (GHG) emission on our environment [2].
As predicted by the International Energy Agency (IEA), renewable energy will share 30%
of total world power generation in 2022, up from 24% in 2016, reaching over 8,000 TWh
[3]. Among all the renewables, solar photovoltaic (PV) additions grew faster than the
growth of any other source including coal, driven by sharp cost reductions and policy
support [3]. By 2022, the global total solar PV capacity will reach 740-880 GW [3]. The
huge PV capacity requires numerous PV panels and consequently a large area of land.
For those regions where land resources are scarce, it is recommended to integrate PV
panels with other forms of land utilization, such as buildings (BIPVs, i.e. Building In-
tegrated Photovoltaics [4]), farmlands (agrivoltaics [5]), etc. The compound word “agri-
voltaic” (agriculture and photovoltaics) refers to the association of PV power generation
and agricultural activities on the same land area. This term was first invented and used
in 2011 by Dupraz et al. [5]. But the concept of combining solar-energy conversion with
plant cultivation was originally conceived as early as in 1981 [6]. After 37-year develop-
ment, now typical modes of agrivoltaic systems include PV greenhouse, PV breeding, PV
pumping, etc. [7]. Among them, PV greenhouse is one of the most common agrivoltaic
systems due to the similarity with rooftop photovoltaic power stations. The compre-
hensive performance of PV greenhouse has been studied in Europe [8] and China [9].
Unlike residential buildings, however, agricultural greenhouses are built for the purpose
of plant cultivation. Therefore, most research on PV greenhouse is mainly focusing on
the optimal utilization of PV systems to produce both food and energy.

Agricultural greenhouse, usually equipped with transparent insulation materials, can
protect the plants against hostile external environment and diseases, consequently lead
to the production of plants with higher quality, and enable out-of-season cultivation.
Compared with regular farmlands, greenhouse consumes more energy as the cost of cre-
ating moderate internal microclimate, such as solar irradiance, temperature, humidity,
etc. Greenhouses in most regions of the world share a common problem of overheating
during the summer and low temperature during the winter due to the seasonal air tem-
perature and solar radiation. A practical solution is to install a sunshade device on the
top of the greenhouse in order to control the amount of incident sunlight. Meanwhile,
cooling and heating systems also help regulate the air temperature in the greenhouse. As
photovoltaic industry booms, affordable PV panels can be used as the sunshade device,
which blocks excess sunlight and also supply electricity to the electrical systems therein,
e.g. artificial lighting, heating and cooling, irrigation, etc. A well-designed PV green-
house can achieve the internal energy balance, i.e. the photovoltaic power generation
is capable to cover the total energy consumption of daily operation, or even have extra
electricity that can be sold to the electric power company. Such an ideal self-powered
greenhouse can be called as “zero-energy greenhouse” [10].

The nature of PV greenhouse is to convert solar energy into the energy form that
can be used by human, i.e. chemical energy (photosynthesis) and electric energy (pho-
tovoltaic effect). However, the intrinsic efficiency of the photosynthetic process is only
around 3%, which is much lower than the conversion efficiency of typical commercial PV
modules (around 20%). It means that the additional PV system will dramatically improve
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the overall utilization rate of solar energy in the greenhouse. Dupraz et al. evaluated the
land productivity with the indicator of Land Equivalent Ratio (LER). They found that the
mixed system of crops (durum wheat) and PV panels (59% vertical projected cover of the
ground) revealed the LER of 1.73, which means that 100 ha farm would produce as much
electricity and food crops as a 173 ha farm with separate productions [5]. They also found
that though the sun shade of PV panels reduced the wheat production, 57% reduction in
sunlight availability resulted in only a 19% reduction in wheat yield. It means that the
light efficiency of wheat crop is increased under the shade of PV panels [5].

In respect of PV greenhouse, a primary concern is whether the PV shading affects
the growth of the plants. First of all, plants can be classified into sun and shade species
based on their adaptability to the light intensity [11]. Therefore, partial shade caused by
PV panels are not necessarily a disadvantage to the target plant depending on its light
adaptability. For specific plants, common crops were investigated on the shading issue
in some previous research. Cossu et al. observed a decreased annual yield of tomato in
the testing PV greenhouse (50% coverage of the roof area, south), but a huge increase
of income considering the PV power generation [8]. However, Urena et al. found no
significant differences in commercial production, average weight, and flesh firmness of
tomato comparing the greenhouse sections of 9.6% PV coverage with the control group
(no PV coverage) [12]. The distinct results of those two studies on tomato yield might
derive from the difference of PV coverage. Kadowaki et al. investigated the growth of
hydroponically-cultivated Welsh onion in the PV greenhouse under the shadows casted
by straight-line arranged PV-array (PV; array, casting shadows on a specific area of the
plants continiously) and checkerboard PV-array (PV, array, casting shadows intermit-
tently) respectively. Both the fresh weight and the dry-matter weight of Welsh onion
cultivated under the PV, array were significantly less than those in the control green-
house; while the inhibitory effects under PV, array were diminished. They concluded
that geometrical arrangements of PV arrays drastically affected the growth of plants cul-
tivated below the PV arrays [13]. Dupraz et al. estimated the wheat production under
PV panels at full density (59% vertical projected coverage) and half density (29.5% verti-
cal projected coverage) by using the generic STICS (Simulateur mulTIdiscplinaire pour
les Cultures Standard) crop model. Simulation results showed that the reduction of sun-
light caused by PV panels led to the reduction in wheat yield [5]. Marrou et al. studied
the growth of four varieties of lettuces under two shade densities of PV panels (50% and
70% of the incoming radiation). They found that the lettuce yield was maintained be-
cause lettuce had the ability to adapt shading conditions and compensated the lack of
light availability by a higher light harvesting capability [14]. In another research, Mar-
rou et al. assessed the growth rate of three crops (lettuce, cucumber, and durum wheat)
under full sun treatment (control) and two densities of PV panels as described in their
former study. Results revealed that the growth rate was similar in all the treatments [15].
Valle et al. used sun trackers to balance the food and energy production in the com-
bined PV panels and crops. Results show that dynamic agrivoltaic systems increase the
electric production without competing with food [16]. Note that the last four research
were conducted in the open field environment instead of the greenhouse. Based on the
aforementioned relevant studies, PV panels in agricultural cultivation can affect the in-
cident irradiance, soil temperature, air temperature, crop temperature, humidity, etc.
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Considering the diversity of crops, it is hard to determine whether such shade effects
are positive or not. In regard to the growth of tomato [8, 12] and wheat [5], reducing the
shade degree helps alleviate the yield reduction. As to hydroponically-cultivated Welsh
onion [13], increasing the uniformity of solar irradiance can benefit crop growth.

The incident light availability varies with the configuration of PV panels installed on
the roof of the agricultural greenhouse. If the roof of the greenhouse is fully covered
by PV panels, the crops cultivated therein may suffer from the lack of natural sunlight.
Therefore, PV panels are usually mounted only on the south gable roof of the green-
house, with a coverage rate less than or equal to 50%. However, farmers tend to cover
the roof of greenhouse with PV panels in more than 50% coverage in order to earn more
money, without considering the negative impacts on the agricultural production. Con-
sidering that, some national and European legislations force farmers to provide the proof
of income from agricultural activity to receive the incentive tariff [17]. Therefore, it is
necessary to find optimum arrangements of PV panels on the greenhouse roof.

In general, there are two types of PV greenhouses according to the sun-tracking abil-
ities of the roof PV panels, i.e. fixed PV or dynamic ones. Greenhouse with fixed pan-
els on the roof are mostly studied due to the low cost of installation and maintenance.
Castellano et al. investigated a mono-pitched steel greenhouses entirely covered with
PV panels (Figure 5.1a). A model was built to predict the shading effects inside the PV
greenhouse [18]. Cossu et al. assessed the climate conditions inside a greenhouse in
which 50% of the roof area was replaced with PV panels (Figure 5.1b). The roof PV sys-
tem reduced the solar irradiance inside the greenhouse by 64%. In their work, the solar
irradiance was distributed non-uniformly and varied seasonally, but usually followed a
north-south gradient [8]. In another research, Cossu et al. compared south mounted
PV greenhouse (Figure 5.1b) with both south and north mounted PV greenhouse (Figure
5.1c¢). They found that arrangement in Figure 5.1b resulted in higher power generation
but also higher shading level. Meanwhile, arrangement in Figure 5.1c generated much
less electricity but a more uniform internal shading [19]. Yano et al. [20] and Kadowaki
et al. [13] conducted two similar studies by comparing straight-line (Figure 5.1d) and
checkerboard (Figure 5.1e) PV arrays on the roof of a greenhouse. They found that both
PV arrangements performed basically the same in terms of PV power generation. But
checkerboard arrangement revealed better uniformity and consequently diminished the
inhibitory effects of the PV shading on plants. Marucci et al. evaluated the dynamic PV
greenhouse by the means of simulation [21] and field study [17, 22]. PV modules rotated
around fixed axes to adjust the degree of shading inside the greenhouse. Also, highly
reflective aluminum mirrors are used to enhance the PV power generation, as shown in
Figure 5.1f. They suggested increasing the shading degree in the hot season. While dur-
ing the season when the solar radiation is not adequate for plants, PV modules should
rotate to allow more sunlight to enter the greenhouse. Trypanagnostopoulos et al. in-
vestigated the PV panels in north-south tracking arrangement (Figure 5.1g) and found
that the north-south oriented rotating axis gave the higher electricity output than the
east-west one did [23]. Obviously, dynamic PV greenhouses provide more possibilities
than the fixed types in terms of power generation, light harvest, and heat insulation.
However, existing studies on the dynamic PV greenhouse fail to derive the relationship
between rotation angles and the solar position. In this study, PV power output and ir-
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Figure 5.1: Literature review on the PV layouts on the roofs of greenhouses.
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radiance distribution are investigated under different sun-tracking methods, which are
summarized as the functions of the solar position. Though the interior irradiance does
not exclusively determine the production of crops, it could be used as the input for crop
growth models that can further predict the effects on harvest yield of different crops.

To further improve the uniformity of incident sunlight, semi-transparent PV mod-
ules were integrated with greenhouses. PV modules were made to be transparent either
regionally [24] or spectrally [25]. Though semi-transparent PV modules contribute to
better uniformity of solar irradiance, they can hardly control the incident light as flexi-
bly as the dynamic PV modules. Also, spectrally semi-transparent PV cannot necessarily
match the spectra that various plants need during growth [26, 27].

Besides dynamic PV greenhouses, sun-tracking agrivoltaic systems in open-space
farmland were also studied. Valle et al. built an open-space agrivoltaic prototype using
one-axis orientable PV panels. Experimental results showed that the one-axis dynamic
agrivoltaic system with the controlled tracking mode (aiming to alleviate the shading on
the plants) can favour crop growth but at the expense of electric production [16]. Ama-
ducci et al. simulated the performance of a dual-axis solar tracking agrivoltaic system
built on suspended structures. They found that the solar tracking PV panels resulted in
lower radiation but higher LER than the fixed PV panels [28]. The limitation of this agri-
voltaic simulation platform is that it cannot precisely calculate the shadows on the PV
panels and the consequent electricity production.

The innovations of this work is summarized as follows. (1) The overall performances
of different sun-tracking methods are analyzed regarding different densities of PV lay-
outs on the roof of the greenhouse. (2) Integrated models which consider the PV partial
shading effects are established for the first time. Those models are capable to couple the
general utilization of solar energy to the orientation of the roof-mounted PV panels. (3)
The partial shading problems of high-density sun-tracking PV panels are solved by using
innovative sun-tracking methods.

In this work, dynamic PV greenhouses were modeled, simulated and analyzed in or-
der to find the proper sun-tracking method, which can balance the interior irradiance
and PV generation. Firstly, geometric and mathematical models were built up for the
simulations of PV power output and interior irradiance. Secondly, three types of PV lay-
outs were analyzed according to the results at a given time instant and over the annual
accumulation and average. The performance of four special sun-tracking positions was
compared under different PV layouts. Lastly, proper sun-tracking methods for differ-
ent types of PV layouts were discussed and concluded; and suggestions on dynamic PV
greenhouses were also drawn.

5.2. METHODS

I N this study, sun-tracking mathematical models are developed and analyzed for PV
panels on the roof of a greenhouse, effectively excluding the environmental interfer-
ence, such as leaves falling onto the PV panels, human activities blocking the light sen-
sors, etc. Those uncertainties are commonly found in an equivalent field study. Para-
metric three-dimensional models are visualized by Rhinoceros, a computer-aided de-
sign (CAD) software. Solar irradiance on the PV panels is derived and calculated based
on the basic knowledge of photometry and solid analytical geometry. MATLAB SimuLink
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is used to implement the simulation of the PV models, taking irradiance and module
temperature as the inputs. Two plugins of Rhinoceros, Grasshopper [29] and DIVA [30],
are used to evaluate the indoor daylighting. Regarding the annual performance of PV
greenhouse, climate data such as solar irradiance, air temperature, wind speed, etc. is
obtained from Meteonorm [31]. An overview of the modeling procedure is illustrated in
Figure 5.2. The simulation platform is illustrated in Figure 5.3.
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E modeling @ modeling |:|Slmulat10n O Results
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Figure 5.2: Technical routemap of this study and corresponding tools, methods, and objectives. Here geometric
modeling indicates building three-dimensional models with CAD (computer-aided design) softwares.

5.2.1. GREENHOUSE MODEL

A typical steel-framed glass greenhouse usually presents a symmetrical gable roof. The
pitched roof can enhance daylight harvest and prevent rainwater from stagnating on the
roof. Alarge-scale greenhouse can be considered as the combination of a series of identi-
cal units of greenhouses. In this study, the appearance of a typical unit of the greenhouse
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Figure 5.3: Simulation platform of this study.

(referred to as a unit for brevity in what follows) is illustrated in Figure 5.4. Note that the
nomenclature in this chapter is independent of others. The geographical position of the
greenhouse is determine by longitude (Agy) and latitude (¢gx), and its orientation by
the azimuth (Agpy). The size of the typical unit is determined by four parameters, i.e.
length (Igy, Figure 5.4a), hight (hgy, Figure 5.4c), roof width (w,, Figure 5.4d), and roof
inclination (a,, Figure 5.4d). Other dimensions of the unit, such as the width (wgp, Fig-
ure 5.4d), and the roof hight (h,, Figure 5.4d) can be derived from the given parameters
(Egs. (5.1) and (5.2)).

h; = wysina, (5.1)

WGH =2WrCOSAr (5.2)

Three-dimensional models of the unit are important to analyze the daylight harvest
and power generation, and will be built in what follows. For simulations, we assign
proper values to the aforementioned geometric parameters in Table 5.1, where the lon-
gitude and latitude represents the location of Delft, the Netherlands (52.01° N, 4.36°E).
The azimuth of the unit here indicates an east-west orientation, i.e. one of the roofs is
south-facing. The hight of the unit is given according to typical dimensions of Dutch
greenhouses. The roof dimensions (Igy and w;) are set according to the dimensions of
PV modules (Iy; = 1.5m, wy; = 1 m), so that the south roof can be exactly covered by
two types of high density (HD) PV layouts (Figures 5.5a & b) and partially covered by
two types of low density (LD) PV layouts (Figures 5.5¢ & d). In this study, each PV panel
can rotate around one axis as show in Figure 5.5. The position of the PV panel can be
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Figure 5.4: Model of the unit of a greenhouse and geometric parameters in a, top view, b, perspective view, c,
front view, and d, left view.

Table 5.1: Parameters and values of the unit

AcH PGH Agu  lgn hem wr @ wgh hy
+4.36° +52.01° =& 6m 4m 3m 20° 103m 564m

described by the normal of the PV surface (ajs, Apr), where the azimuth of the normal
equals to that of the greenhouse (Agy). Therefore, the rotation of PV modules is de-
termined by ajs, which affects not only the irradiance on the PV surface, but also the
irradiance entering into the greenhouse.
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Figure 5.5: Left view and top view of four PV layouts on the roof of the unit, i.e. a, HDPV 1, b, HDPV 2, ¢, LDPV
1,and d, LDPV 2.



88 5. PHOTOVOLTAIC WINDOWS OF AGRICULTURAL GREENHOUSES

5.2.2. SOLAR IRRADIANCE MODEL

Solar irradiance is a critical factor for both PV power generation and plant cultivation.
The global irradiance (Ggjopq1) contains direct and diffuse components. In a clear day,
the direct normal irradiance (DNI, 1;;,) usually contributes more than 90% of the global
irradiance [32]. Since the diffuse proportion is small, here we will ignore the variation
of the diffuse irradiance with the orientation of the PV panel, and simply use the diffuse
horizontal irradiance (G 4) to represent the whole diffuse component. Therefore, the
global irradiance on the PV surface is calculated by

Ggiobal = lair cosy + Gp,a, (5.3)

where ¥ is the angle between the incident direction of the sunlight and the normal of the
PV surface. In this study, in order to calculate y, we include the solar position (a;, As)
and the position of the PV module (a,s, Aps) in the same horizontal coordinate system
(Figure 5.6a). Then we transform both positions from the horizontal coordinate system
into Cartesian coordinate system for further derivations. The three-dimensional Carte-
sian coordinates are built so that the direction of Aj; overlaps with x-axis (Figure 5.6b).
In the Cartesian coordinates, the orientation of the PV module is denoted by a unit vector
ny,ie.

XM CoS s
ny=|¥YMmM| = 0 . (5.4)
ZMm sina s

The difference between the two azimuth angles is denoted by A4, i.e.
AA= Ay — As. (5.5)

The solar position is denoted by a unit vector ng, which is derived by

ng=|ys cosagSinAA| . (5.6)

Xs cosa;CosAA
Zs sinag

Then, it is easy to derive cosYy,
cosy = nMT-ns = Xscosay + zssinayy,. (5.7)

By substituting Eqgs. (5.7) and (5.6) into Eq. (5.3), the global irradiance Gg;opq; is de-
rived as
Ggiobal = lgir(cosascosAAcosap +sinassinan) + Gp g (5.8)

5.2.3. EQUIVALENT IRRADIANCE UNDER PARTIAL DIFFUSE SHADOWS

Based on the PV layouts proposed in this study (Figure 5.5), it is possible to observe rect-
angular shadows on the PV modules during the rotation. In the shade area, direct normal
irradiance is blocked. But there still exists part of the diffuse irradiance. Here, we simply
treat the irradiance on the shading area as Gy, 4, i.e. the diffuse horizontal irradiance.
Regarding the PV module, the shading area is denoted as Sgj,440- The input power on
the PV module from the Sun is denoted as P;;. On the partially shaded PV module, the
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a © Zenith

Figure 5.6: Definitions of solar position and PV-module position in a, horizontal coordinate system, and b,
Cartesian coordinates.

global irradiance Ggjopq in the illuminated area differs from that in the shade area, as
long as DNI is not zero. To represent the irradiance level on the entire PV module, the
equivalent irradiance (Gf:o Jule) 1S defined as the quotient of P;, divided by the area of

PV module, and further derived by

eq _ Pin
module leM
_ air(Imwnm — Sshadow)im" - ns + Gpalywiy 5.9)
lMLUM '
_ Sshadow . .
=|1-——|Iir(cosascosAAcosap +sinagsinay) + Gp,q.
lMLUM

Eq. (5.9) reveals that the shading area Sgj,440., plays an important role in the incident
power of the PV module. Furthermore, partial shading affects the conversion efficiency
(n) of the PV module. Therefore, it is critical to calculate the position of the rectangu-
lar shadow on the PV module for the evaluation of the PV input power and conversion
efficiency.

In order to locate the position of the shadow, we simplify the PV modules as rect-
angular planes in the aforementioned Cartesian coordinates (Figure 5.7a). For HDPV 1
(Figure 5.5a), two PV modules are initially positioned in the closed state, where a g is
derived as .

CZM()ZE—(Xr. (5.10)

In the Cartesian coordinates, two rectangular planes can rotate around their fixed
axes. From the left view, it is obvious that two axes cross two important points, O(0,0,0)
and O (wpssina,0, —wpr cos apyg), respectively. When the two planes rotate to an ar-
bitrary position a s, the point Q; (x41, Y41, 241) casts a shadow point Q15(xg15, Yg15 Z415)
according to the direction of ng (Figure 5.7b). The coordinates of Q; are derived as

Xq1 sina g —sina s
Vg1 = WM 0 . (5.11)
Zq1 cosap —COoSapo

The point Q;; determines the position of the shadow. In order to study the area of shad-
ows, new coordinates Ox’yz’ are built based on the tilt plane (Figure 5.7c). From coor-
dinates Oxyz to coordinates Ox'yz’, a rotation matrix R¢-c' (@) is required to achieve
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Figure 5.7: Coordinate transformation for derivations
the transformation, i.e.
cosapy 0 sinapy
Re-¢(ap) = 0 1 0 (5.12)
—sinap; 0 cosays

In the new coordinates Ox'yz' as shown in Figure 5.7d, ny, (X}, ¥\;» 23,), 15 (X5, V5, 25)
and Q) (x;, yy,,, Z;,) are given respectively by

Xy, 1
!
my=|yul =10 (5.13)
zy, 0
X% XsCOSay + zgsinayy
ng=|y;| = Re-c/(am) -ns = Vs , (5.14)
zy —Xssina s + zscosay
!
*q Xq1
/
Yol = Rc-c'(am) - | yq1
!
z Zq1
9 7 (5.15)
COS @ psSina po — Sin & p7 COS & pro
=Wpm 0

1 —sinapssina g — COS & p;CoOS & ppo

In the new coordinates Ox'yz’, the surface of the target plane, where the shadow
shows up, is x’ = 0. The line Q] Q] ; can be defined as

x' -x 7 -z

1 1
L A L (5.16)
xs ys ZS

where A, is an arbitrary real number. Let Q] (x/

n1s Va1 Zq15) denote the shadow point
in the new coordinates. Since Qj is both on the surface of the target plane (x' = 0) and
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on the line Q] Q;, Q| is the intersecting point, and defined by

x1,=0
x7 -x g -z 5.17
qls ql yqls _ qus qu -1 ’ (5.17)
X ¥ 24 '
where the solution of Q| S(xiﬂ o yiﬂ 5 z;ﬂ ,) can be easily found to be
! —_
Xg1s= 0 ,
Vs
ro_ s
yqls = x’/g qu . (5.18)

z
ziﬂs = —x—zx:ﬂ +z£71

The coordinate z’ 15 €an be used to calculate the area of the shadow, as long as the
shadow exists. Before the calculation of shading area, boundary conditions needs to be
confirmed. First of all, aps should not exceed a s due to the physical limitation of the
greenhouse roof (Figure 5.5). Secondly, the front side of the PV module has to face the
Sun, i.e. the angle between n and n}, should not exceed 7/2. Therefore, the rotation of
the PV module is restricted by

ay<a
M= MO (5.19)
ng-ny =0
which can be further written as
Zs T
arctan x_ ——<ay<apo. (5.20)
)
Within the range of (5.20), the condition that shadow exists on the target plane is
zl .. =0. (5.21)

qls =
By substituting Egs. (5.14), (5.15) and (5.18) into (5.21), the range of a s is derived as,
Zs
a )y = 2arctan — — a . (5.22)
Xs

By combining (5.20) and (5.22), the area of shadow on an individual PV module is derived
as

0 apmo <Qp
. _ , 5.23
shadow le;ﬂs 2ap —apo < Ay < Ao ( )
T apo = ap
0 ap_zsaM<2ap—OfM0
where z
ap = arctan —. (5.24)

Xs
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By substituting Eq. (5.23) into Eq. (5.9), G is finally given by
Iy (xscosapo + zssina o) amo < ap
eq -
modute = Iair(Xscosang + zssinap) 2ap —apmo < ap < apo (5.25)
apo = Ap

. T
Igir(xscosap + zgsinayy) ap—EsaM<2ap—aM0

It is interesting to notice that when a s € [2ap — apo, @mol, szodule remains as a con-

stant, which is independent of . When the Sun is in the position where a), is greater
than a o, it means the PV panel will rotate inside the greenhouse to achieve intended
sun tracking. Since the PV panel only has one axis and cannot go inside the glass roof,
we let the aps equals to ap in this situation (i.e. ap > appo).

Several critical positions can be derived for further analysis as follows (Figure 5.8).

a Closed position b Quasi-perpendicular position

)
N Z/Cv
=

y e T
Left view Left view

¢ No-shading position d Open position

y® T
Left view Left view

Figure 5.8: Left view of HDPV in four positions, i.e. a, closed position, b, quasi-perpendicular position, c,
no-shading position, and d, open position.

¢ Closed position (ap; = a o)

When the PV modules stay in the closed position (Figure 5.8a), the PV panels are
parallel with the greenhouse roof. Under this condition, the PV modules stay in
the fixed position; and the sunlight barely penetrates the south roof, which is fully
covered by PV modules.

* Quasi-perpendicular position (ay = ap)

To obtain the position where Ggjopq; reaches the maximum, Egs. (5.3) and (5.7)
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are further written as

Ggilobal = lair(xscosap + zssinapy) + Gp g

z (5.26)
=Iin/ x2 + Z2 cos (aM —arctan —s) +Gpa,
x

N

where the maximum Ggj,pq; is obtained when a s equals to ap. Here, the position
of @y, is called the “quasi-perpendicular" position, because the sun ray is perpen-
dicular to the PV module in the left view (Figure 5.8b). However, in the 3D space,
the sun ray is not actually perpendicular to the PV module. Note that this position
exists only when the condition a s = @) holds.

* No-shading position (ap = 2ap — apo)

From Eq. (5.23), it is obvious that the position shown in Figure 5.8¢ (ay = 2ap —
a o) is where there happens to be no shadow on the target PV module. This po-
sition is important, because it minimizes the partial shading effects on PV power
generation, and maintains a high Gf:o dute (Which will be demonstrated in later
analysis). Note that this position exists only when the condition a0 = a) holds.

/4
* Open position (apy = ap — E)

In this position, the PV plane is parallel with the solar beam. Theoretically, the PV
panels barely interact with direct solar irradiance; and the PV power generation is
very low. We can simply treat this scenario as a greenhouse with no cover on the
roof.

Aforementioned derivations are based on the layout of the high-density PV 1 (HDPV
1, Figure 5.5a). As to the layout of the high-density PV 2 (Figure 5.5b), similar models can
be built. We will omit the details for brevity. Regarding the layout of the low-density PV 1
(LDPV 1, Figure 5.5¢), there are possibilities that shadows are formed on the PV modules
by the front row. Such shadows are mainly depending on the roof inclination (a,). Since
such shadows only exist when the solar altitude is very low and the solar radiation is
weak, here we simply assume that there is no shading on the PV modules in LDPV 1.
Apparently, there is also no shading on the PV modules in LDPV 2 (Figure 5.5d).

5.2.4. MODEL OF THE PV MODULE

To evaluate the PV performance under partial shading conditions, the model of PV mod-
ule is built based on a commercially available PV module (Figure 5.9a). The PV module
consists of 60 solar cells connected in series, parallel with three bypass diodes (Figure
5.9b). Bypass diodes allow current to pass around shaded or damaged cells in the PV
module. Ideally there would be one bypass diode for each solar cell, but usually a group
of series connected cells share one bypass diode for cost saving. The equivalent circuit
of PV cell model is shown in Figure 5.9c. The I-V relationship of a PV cell is given by

, (5.27)

V+RsI V+ RsI
I=I;-Ip|exp -1]-

Rsh
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Table 5.2: Parameters of the selected PV module

Electrical data @ STC TSM-315
Open Circuit Voltage - Vpc (V) 40.4
Short Circuit Current - Isc (A) 9.88
Maximum Power Voltage - Vyspp (V) 333
Maximum Power Current - Ip;pp (A) 9.46
Peak Power Watts - Pprax (Wp) 315
Module Efficiency - 1 (%) 19.2

Temperature Coefficient of V¢ (%/K) - 0.29
Temperature Coefficient of Isc (%/K)  0.05

where I} is the light-generated current; Iy is the diode saturation current; A= ngkT/q is
the modified ideality factor; ng, is the diode ideality factor; k is the Boltzmann constant
(1.3807x 10733 J/K); q is the electron charge (1.6022 x 10719C); T is the cell temperature;
Rq is the series resistance; and Ry, is the shunt resistance. Detailed model description
can be found in [33].

Solar cell

Figure 5.9: a, Dimensions of a PV module. b, Model of a PV module with three bypass diodes. ¢, Single-diode
model of a PV cell.

In this study, the PV model is configured according to a Trina Solar product (TSM-
DEGS5(I1)). This c-Si PV module product is as thin as 7.6 mm and specially recommended
for greenhouse applications. Detailed electrical specifications can be found in Table 2.
Note that here we simplify the dimensions of the PV module (1.5 m x 1 m) to fit the roof of
greenhouse model. The model of PV module is simulated in the environment of MATLAB
SimuLink.

Two inputs, the equivalent global irradiance Gf:o dute O1 the PVmodule and the mod-
ule temperature, greatly affect the output of the model. As to the partial shading condi-
tion, the global irradiance and temperature on individual solar cells are not identical.
Therefore, the inputs can be taken as 60 irradiance inputs and 60 temperature inputs
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for each of the 60 solar cells. For the solar cells under the full shading condition, the
input irradiance is Gy, 4. For those fully exposed to the sunlight, the input irradiance is
Ggiobal (Eq. (5.8)). For those under the partial shading condition, the input irradiance is
the equivalent global irradiance Gigl p» Which can be calculated as Eq. (5.9) in the scale of
asolar cell, i.e.,

cell
G‘;Z” = (1 - M) Igir(cosascosAAcosan +sinagsinay) + Gy g, (5.28)
cell

cell
shadow

it. Eq. (5.28) covers the shading conditions of full shading (ngg dow €duals to Scerp) and

where S¢.;; is the area of an individual solar cell; and S is the area of shadows on

: 1
fully exposed to sunlight (S;"', '~ equals to 0).
The temperature of the PV module is affected by many environmental factors, such
as ambient temperature (T,), wind speed (v,;,q4), wind direction, equivalent global ir-
radiance (Gigl l), relative humidity, etc. Here, to estimate the temperature on each solar

cell, a simplified model is used:

T =0.943T,+0.028G:7 —1.528v,ipq +4.3, (5.29)

where the units of T, Gigl ; and vy ing are respectively °C, W/m?, and m/s [34]. Though
this model is originally developed to predict the temperature of the whole PV module,
here it is used to estimate the cell temperature under different shading conditions [34].

5.2.5. MODEL OF THE PV GREENHOUSE ARRAY
Besides PV power generation, one of the most fundamental functions of PV greenhouse
is plant cultivation, which requires proper intensity and distribution of irradiance. The
light environment inside the greenhouse is more complicated than that on the PV pan-
els. The irradiance on an interior plane is not only affected by the direct solar beam and
sky diffuse irradiance, but also the multiple reflections and refractions from the com-
plicated structures of the PV greenhouse. Therefore, instead of analytical modeling, ray
tracing simulation is introduced to estimate the interior solar radiation by the tool DIVA,
a Rhinoceros plugin [30]. One of the advantages about DIVA is that the ray tracing simu-
lation can be conducted by defining material characteristics within the Rhinoceros envi-
ronment, without the effort to export the greenhouse model into other optic softwares.

Based on the unit, a 9 x 9 greenhouse array is built for the ray tracing simulation
(Figure 5.10a). The steel frame supports the greenhouse array; only the external facade
contains glass. Material properties are assigned as in Table 3. Since the greenhouse array
is the repetition of 81 units, we choose to study the target plane located in the central
unit to avoid border effects (Figure 5.10b). In our simulation, the target plane was set at
0.5 m above the ground, which can be considered a representative height for greenhouse
grown crops.

In this model of PV greenhouse array, dynamic PV panels are rotating according to
the solar position. Therefore, it is difficult to model the PV panels for ray tracing sim-
ulation. Here, Grasshopper, an algorithmic modeling tool, is introduced to solve this
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Figure 5.10: Model of the PV greenhouse array in a, perspective view, and b, top view, where the interior target
plane (0.5 m high above the ground) is highlighted in red.

Table 5.3: Transmittance (T) and reflectance (R) of the materials in the greenhouse array

Glass (T) Frames (R) PVmodules (R) Ground (R)
88% 30% 30% 20%

problem [29]. Unlike RhinoScript, Grasshopper requires no knowledge of programming
or scripting. Complicated algorithms can be achieved by interconnecting blocks in a
graphical editor tightly integrated with Rhinoceros (see Appendix D). The information
of location, date, and time is shared with DIVA, which contains the weather database of
this location. The position of PV panels changes simultaneously when the number slid-
ers of date and time are changed. By this means, ray tracing simulation can be conducted
easily for any intended date and time.

Here, three indices (Gmat, Ggiopar, and Ug) are used to evaluate the intensity and
distribution of solar irradiance on the target plane. G4 is the matrix containing the
global irradiance (Ggjopqr) at a grid of points, similar to the concept of I-matrix (illu-
minance matrix) [35]. Gyq¢ is capable to describe the global information of the target
plane, i.e.

Gn - Gip
Gmar=| . |, (5.30)
Gml T Gmn

where G;; (i =1,2,...,m, j = 1,2,..., n) represents the global irradiance of the correspond-
ing point on the grid of the target plane. C_}global denotes the average global irradiance of
the target plane, defined by

Z;ZIZ?:I Gij

mn

Gglobal = (5.31)
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The uniformity of global irradiance on the target plane denoted by Ug can be written as

min
_ Gglobal

Ug (5.32)

)
Gglobal

where G;’}’;}’;a ; is the minimum value of the global irradiance on the target plane.

5.2.6. METHODS OF ANNUAL ACCUMULATIVE AND AVERAGE CALCULATION
Here we introduce the method of calculating the annual PV electricity production, the
annual average global irradiance, and the annual average uniformity of global irradiance
in a certain geographical location. Firstly, climate data is obtained from Meteonorm,
such as solar altitude and azimuth, date and time, DNI, G, 4, temperature, wind speed,
etc. Secondly, the equivalent global irradiance Gigl ; on each individual solar cell is cal-
culated by Eq. (5.28). The temperature T of each individual solar cell is calculated by
Eq. (5.29). Based on the model of PV module (Sec. 5.2.4), the power generation of the
PV module in certain date and time can be simulated in MATLAB SimuLink by inputing
GiZI , and T of each individual solar cell (60 cells in this case). Then the power output
of one unit can be calculated according to different PV layouts and tilt angels. Lastly,
the annual integral results of electricity production can be obtained by running a loop in
MATLAB.

Regarding the ray-tracing simulation in DIVA, the Meteonorm data is firstly output as
epw files. Then the irradiance matrix G4 at a given time instant can be obtained from
the model of the greenhouse array (Sec. 5.2.5). At the time instant, the average global
irradiance Gglobal of the target plane is obtained by Eq. (5.31); and the uniformity of the
global irradiance is obtained by Eq. (5.32). Lastly, the annual average data are obtained
by the simulation results of representative days of the year, i.e. the spring and autumnal

equinox, and the summer and winter solstice.

5.3. RESULTS

5.3.1. PARTIAL SHADING EFFECTS ON PV MODULES
I N the aforementioned model of PV greenhouse, there could be rectangular shadows
on the PV modules regarding the high-density PV (HDPV) layouts. Different HDPV
layouts (Figures 5.5a & b) result in different shading patterns (Figure 5.11a & Figure
5.12a). Here, let I;;, be 1000 W/m? (standard conditions), and G, 4 be 100 W/m?. Let
the sun ray be perpendicular to the PV module, i.e. y equals to 0. The irradiance on
the shading area is 100 W/m?; and on the direct-beam-illuminated area is 1100 W/m?.
By simulating the model of PV module in MATLAB SimulLink, I-V curves and P-V curves
with various lengths of shadow are obtained for HDPV 1 (Figures 5.11b & c) and HDPV 2
(Figures 5.12b & c). Meanwhile, the output power (P,,;) and conversion efficiency (1) of
the PV module are calculated for HDPV 1 (Figure 5.11d) and HDPV 2 (Figure 5.12d).
Results show that HDPV 1 performs better than HDPV 2 under rectangular shading
conditions in terms of PV power generation. The poor behavior of PV module in HDPV
2 is mainly because the bypass diodes are not working when the shading percentages of
three bypass circuits are equal (Figure 5.9b). Therefore, we will only consider HDPV 1 in
the further analysis and discussion.
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Figure 5.11: a, Shape and length of the shadow on the PV module of HDPV 1. b, I-V curves, ¢, P-V curves, d,
output power, and conversion efficiency of the PV module of HDPV 1 changing with the length of shadows.

5.3.2. PV PERFORMANCE AT A GIVEN TIME INSTANT

As well known, the PV-generated energy is the integral of the output power over a cer-
tain period of time. Therefore, we first investigate the output power of the greenhouse
dynamic PV at a given time instant. The location of the greenhouse is chosen as Delft,
the Netherlands (52.01° N, 4.36° E). The date is chosen as the spring equinox day (March
20th) and time as 10:00 am. In the equinox day, daytime and nighttime are of approxi-
mately equal duration; and the Sun appears in moderate positions in the sky. With the
given location, date and time, the solar position is consequently determined. In this
case, the solar altitude a; is 0.47 rad and the solar azimuth A is 2.28 rad. Typical clear-
sky conditions (Iz;; = 1000 W/m? and Gy, 4 = 100 W/m?) are used to study the solar ra-
diation. According to the Meteonorm database [31], the ambient temperature (T,) and
wind speed (v;,4) are 4.3°C and 5.4 m/ s respectively. Following results at a given time
instant are all based on such conditions, which will not be mentioned again.

In the proposed PV greenhouse model, the PV partial shading problem has to be
considered, since it affects the output power of the PV module as proved above (Fig-
ures 5.11c & d). As to HDPV 1, PV modules in three different rows suffer from different
shading conditions (Figure 5.13a). For convenience, modules are numbered as Module
#1 and #2 according to their shading conditions. Apparently, Module #2 suffers from
shading; and the shadows on it can be calculated by the shading model derived above.
While Module #1 has no shading PV module in front of it. Meanwhile, the roof in front of
Module #1 is made of transparent glass. Therefore, here we simply treat Module #1 as a
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Figure 5.12: a, Shape and length of the shadow on the PV module of HDPV 2. b, I-V curves, ¢,) P-V curves, d,
output power, and conversion efficiency of the PV module of HDPV 2 changing with the length of shadows.
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zero-shading PV module. According to different shading conditions, PV modules will be
treated differently in regard of power generation. Note that an individual PV module is
used to represent the performance of all the modules in the same row. We assume that
different shading conditions only affect the performance of the individual PV module
instead of the whole PV system. Border effects on the shading of PV modules are ignored
here.

a Module numbering in terms of shading types (left view)

1 ‘ \\#ZYI \
I |

HDPV 1 LDPV1 LDPV 2
Module #1: zero shading Module #2: partial shading

b Four special positions (left view) @ Closed

Gy = Gy

® Quasi-perpendicular
o, =0,

® No-shading
Oy = 2ap “ %y

@ Open

-- a)w:ap-ir/z

Figure 5.13: a, Left view of module numbering in term of shading types. b, Left view of four special sun-tracking
positions and corresponding numbering.

With the given solar position, the range of module altitude is approximately between
—52° and 70° according to Eq. (5.25), i.e. aps € [-0.91,1.22] (Figure 5.13b). Four special
positions are also illustrated and labeled in Figure 5.13b.

Based on the models of equivalent global irradiance (Gigl ;)» shadow length (2271 $)
and PV module, simulations of PV power generation at different a); are conducted in
MATLAB SimuLink. Not surprisingly, Module #1 reveals different results compared to
Module #2 due to different shading conditions (Figure 5.14). When a; varies within its
range, Module #1 exhibits smooth transitions in terms of I-V curves (Figure 5.14a) and
P-V curves (Figure 5.14b). The peak output power appears where Ggjopq; reaches the
maximum (apy = ap). In contrast, Module #2 produces fluctuating curves due to the
partial shading conditions. The PV performance of Module #2 is apparently worse than
that of Module #1 in respect of I-V curves (Figure 5.14c) and P-V curves (Figure 5.14d).
Interestingly, the P-V curves of Module #2 are trimmed down significantly in the range of
a where Module #1 performs the best.

To evaluate the overall results of PV performance in the unit, four indices of three

layouts (HDPV 1, LDPV 1, LDPV 2) are calculated and compared, i.e. Gglobal (global

irradiance of the area without shading), Ss;440w (Shadow area on Module #2), ijo dule

(equivalent global irradiance of HDPV 1), and P,,,; (output power of HDPV 1, LDPV 1, or
LDPV 2). Results of four indices are aligned by a s, with the maximum values marked by
circles (Figure 5.15). Red lines with arrows indicate four special positions, corresponding
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Figure 5.14: a, I-V and b, P-V curves of Module #1. ¢, I-V and d P-V curves of Module #2.
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to those in Figure 5.13b. Regarding the zero-shading area, Ggjopq; Teaches the maximum
at the quasi-perpendicular position (a ) = @, i.e. position ), as predicted by Eq. (5.26).
However, in the very same position, Sgj,,40, also reaches its peak, implying that shading

problems offset part of the advantage of high global irradiance. As to G::’o dule according

to aforementioned theory (Eq. (5.25)), Gf)jo dute Of Module #2 maintains as a constant

when a varies from position ) to 3). However, the overall G*/ of HDPV 1 (12 PV

module
panels) also counts the weight of Module #1 (1/3), resulting in the maximum G%1

in position ). In other words, the overall input power of HDPV 1 peaks in pOSitiﬁ(I)ldu@le.
However, the maximum input power cannot ensure the maximum output power due
to PV partial shading effects. In this case, as to HDPV 1, the maximum P,,; appears
in position @) and (), where szo Jule MaiNtains at a high level; and no shadow affects
the PV conversion efficiency. Here, we can theoretically prove that values of Gg;opq; Will
always be equal in position of (D) and () by substituting the boundary condition (a s =
2ap — appo) into Eq. (5.8). It explains why Py, has two identical peaks. As to LDPV 1 and
LDPV 2, both the maximum P,,; points appear in position 2), where Ggopq; reaches the
maximum. Though LDPV layouts have higher overall efficiency due to no PV shading
effects, HDPV 1 has more PV panels (12) than LDPV 1 (8) and LDPV 2 (6) in the same roof
area of the unit. Therefore, we can conclude that under the given solar position, HDPV
1 in the closed position () and the no-shading position ((3)) perform equally best in
terms of PV power generation.

——&—— HDPV 1
~——©—-—- LDPV 1
- —© — - LDPV 2

R S

E 750} ]
=
= 500} 1
©
8 250 1
S
G_ i | : |
o

Figure 5.15: Results of three PV layouts at a given time instant in terms of Ggjopalr Sshadowr G 4 nd

e
A A A N ; module’ &
Poyut changing with a s, with the maximum values marked by circles.
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5.3.3. INTERIOR IRRADIANCE AT A GIVEN TIME INSTANT

Regarding HDPV 1, though PV modules in the closed position generate electric power as
much as that in the no-shading position, the closed modules might result in relatively
lower interior irradiance in the greenhouse due to the full coverage on the south roof. To
test this hypothesis, the interior irradiance with PV modules under four special positions
is simulated by the means of ray tracing. To avoid border effects, the center area of the PV
greenhouse array is chosen as the target plane (red area), where interior irradiance can
be affected by the changes of roof coverage (Figure 5.16). The area of the target plane is
the same as the vertical projection area of the unit; the height of the target plane is 0.5 m.
In the setting of the simulation, the target plane is divided into grid squares. It is like
positioning an irradiance sensor in the center of each grid square. In this case, the grid
interval is chosen as 0.1 m, resulting in 3,360 (60 x 56) elements in the G,,,4¢ (Figure 5.16).
By visualizing G4 of four special positions, colormaps are drawn as shown in Figure
5.17a-d. It is obvious that the open position reveals the maximum G_gl,,b,ll because it
basically equals to no PV coverage. Compared with the open position, the other three
positions reduce Gglobal by different amounts, but increase Ug. The interior irradiance
of LDPV 1 and LDPV 2 under three positions (not including the open position, which is
basically the same for all PV layouts) are also visualized in Figure 5.18 and Figure 5.19.

60 x 56 grids

Figure 5.16: Top view of the target plane in the PV greenhouse array with shadows, and the grids on the target
plane with 0.1 m interval.

Like Figure 5.15, results of Gglobal and Ug of the target plane are aligned with that
of P, according to a; (Figure 5.20). It is observed that for all the three PV layouts,
with a ) decreasing, i.e. the PV modules rotating from the closed position (D) to the
open position (@), G_global increases gradually, and reaches the maximum in the open
position. As to HDPV 1, Ug peaks in the no-shading position ((3)). Ug rises from @) to
), and maintains a high level from @) to D). As to LDPV 1 and LDPV 2, the maximum
Ug locates somewhere near position 2) and position (3) respectively.

Regarding HDPV 1, comparing the position 3) with (I), where the PV modules gen-
erate the same P, () is superior to (I) in terms of both Gglobal and Ug. It means that
HDPV 1 in the no-shading position not only results in the maximum PV power genera-
tion, but also reveals better interior radiation than that in the closed position.
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Figure 5.17: Color map of the global irradiance on the target plane with HDPV 1 in the sun-tracking positions

ofa,d®),c®,andd @.
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Figure 5.18: Color map of the global irradiance on the target plane with LDPV 1 in the sun-tracking positions
ofa(®,b @), and c 3.
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Figure 5.19: Color map of the global irradiance on the target plane with LDPV 2 in the sun-tracking positions

ofa@,b @), and c 3.
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Figure 5.20: Results of three PVlayouts at a given time instant in terms of Pour, Ggjopai> and Ug changing with
a)y, with the maximum values marked by circles.

5.3.4. DAILY RESULTS IN HOURLY TIME STEP

As above, the PV output and interior irradiance are simulated on the scale of a time in-
stant. In order to illustrate the trend of the concerned performance in a certain period of
time, here we present hourly results of Py, Gglobal and U in four representative days
of the year, i.e. the spring equinox, the summer solstice, the autumnal equinox, and the
winter solstice (Figures 5.21-5.23). Three types of PVlayouts (HDPV 1, LDPV 1, and LDPV
2) and four special sun-tracking positions are compared and analyzed.

Regarding the output power of the unit, P,,; decreases with the PV density. For
HDPV 1, positions () and 3) perform better than position ) due to the PV partial shad-
ing effects. While in LDPV 1 and LDPV 2, there is no shading on the PV panels. There-
fore, position 2) performs best in these cases. Note that, in cloudy days, DNI is low (even
zero). In terms of PV power generation, there is no difference between various positions
because of the equal Gy, 4.

As to Ggjopal, position @ results in the highest Ggiobal Since it equals no PV coverage.
Position (3) shows the second best results in most of cases. As to Ug, position @) results
in the lowest uniformity in most of cases. Other three positions show close results, which
require average results to compare.

5.3.5. ANNUAL ACCUMULATIVE AND AVERAGE RESULTS

From the hourly results above, it is hard to conclude the optimum sun-tracking strategy.
To obtain convincing and straight results, the annual performance of the PV greenhouse
is evaluated under the conditions of three PV layouts and four special sun-tracking po-
sitions. Here, three indices are employed to indicate the annual performance, i.e. the
annual energy generation of the unit PV greenhouse, the annual average global irradi-
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Figure 5.23: Hourly Poy¢, Ggloba ; and Ug of LDPV 2 in four special positions in four representative days of the
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ance on the target plane, and the annual average uniformity of the global irradiance on
the target plane (Ug). Hourly climate data (9:00 - 15:00), including direct normal irra-
diance (I4;,), diffuse horizontal irradiance (Gy,4), ambient (air) temperature (7,), wind
speed (vyinq), is used to calculate the three indices. In an individual time interval, the
electric energy generated by PV modules in the unit equals to the PV output power mul-
tiplied by the time duration (one hour). Then, the annual energy generation is calculated
by the summation of 7 x 365 (2555) hourly energy values. Annual accumulative results of
PV energy generation are shown in Figure 5.24. Consistent with the time-instant results,
HDPV 1 outputs the maximum energy in position @) and (3); while LDPV 1 and LDPV
2 perform best in position @) in terms of the annual energy generation. As to position
@), we simply treat the open state as no PV coverage and consequently no PV energy
generation.

i- i I HDPV 1
@ Closed ® Quasi-perpendicular —
® No-shading @ Open [ JLDPV 2

(1] (2] (3] (4]

Figure 5.24: Results of three PV layouts in terms of annual accumulative energy, annual average global irradi-
ance, and annual average uniformity of global irradiance on the target plane.

Figure 5.24 also shows the results of annual G_global and Ug on the target plane. The
annual results of interior irradiance are the average values of four typical days of the
year (March equinox, June solstice, September equinox, and December solstice). The
reason of not using 365-day values is because precise ray-tracing simulations are time-
consuming. It is obvious that for all the three PV layouts, the annual global irradiance
reaches the maximum in the open position (@); while the annual uniformity of the
global irradiance obtains the best results in position 3).

As to HDPV 1, the no-shading sun tracking (position (3)) enables the unit PV green-
house to increase the annual energy generation by 6.91% than the quasi-perpendicular
sun tracking (position 2)). Regarding interior irradiance, position (3) improves the an-
nual Gglabal and Ug by 10.96% and 10.68% respectively compared with the closed posi-
tion (D).
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As to LDPV 1 and LDPV 2, the annual energy generation under quasi-perpendicular
sun tracking (position ) is increased by 7.40% and 7.40% respectively than that in the
closed position ((1)). However, the annual Gglobal in position 2) shows the lowest values
among all the four special positions. The annual Ug maintains at a high levels in position
@), resulting in 9.80% and 4.70% increases respectively than that in the closed position

(@).

5.4. DISCUSSION

5.4.1. BALANCING INTERIOR ILLUMINANCE AND PV GENERATION

D YNAMIC PV roofs can better control the incident light than the fixed ones. With re-
spect to HDPV 1, the no-shading sun tracking results in the highest PV energy gen-

eration, the highest uniformity of global irradiance, and higher global irradiance than the

closed (fixed) position. The PV panel position under no-shading sun tracking (position

) can be easily calculated by the given solar position, i.e.

a) = 2arctan(tanag;secAA) — app. (5.33)

Asto LDPV 1 and LDPV 2, the PV generation performs best under the quasi-perpendicular
sun tracking (position ), i.e.

o) = arctan(tanagsecAA). (5.34)

5.4.2. OTHER IMPACT FACTORS

Besides light, other factors, such as air temperature, humidity, irrigation, the tempera-
ture and water contents of soil, etc., also affect the growth of crops. Though those factors
relate to the sun-tracking schemes to a certain degree, it is difficult to estimate those
factors without the knowledge of additional information. For instance, the thermal be-
havior is highly related to the solar radiation, but also affected by the local climate, venti-
lation systems, heating and cooling systems, etc. Therefore, further optimal design of PV
layouts and sun-tracking schemes can be achieved when the details of PV greenhouses
are given. In this study, we only consider the PV generation and the interior irradiance.

In this study, we mainly investigate the interior irradiance on the target plane in a PV
greenhouse array, where border effects are ignored. However, for those greenhouses that
only contains single row, border effects cannot be neglected any more. The impact of PV
roof will be reduced, because the glass facades also contribute to the interior irradiance.
Moreover, the shadows of PV roof will not exist inside the greenhouse when the solar
altitude is very low. Therefore, conclusions in this study are not necessarily applicable to
the single-row PV greenhouse.

The consumption of sun trackers are not considered here, because it heavily depends
on the motors and the tracking intervals. When we discussed the PV partial shading
problems in this study, the conventional PV module only has three bypass diodes (Figure
5.9b). However, some innovative PV product equips bypass diodes for every single solar
cell in the PV module (e.g. AE SMP6-72). In this case, HDPV 1 and HDPV 2 suffer the
same power reduction in the shading conditions. When such PV modules are used in PV
greenhouse, conclusions of HDPV 1 also apply to HDPV 2.
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5.4.3. IDEAL SIMULATION RESULTS

In our study, the sun-tracking theory is tested by ideal simulations. Compared with field
study, the simulation results can reflect the average level of intended indices, because the
climate data obtained from Meteonorm is the average over ten years. While field study
can only test the results over a certain period of time (usually less than one year). Ideal
simulations also avoid unexpected external interferences, e.g. random shading by leaves
or animals, performance difference of the same batch PV modules, etc. As to the evalu-
ation of interior irradiance, field study usually measures the irradiance of one or several
points, which are not comparable to the 3,360 points in the ray-tracing simulation. Un-
less using some innovative image-processing technologies, field study can hardly obtain
accurate Gglobul and Ug. For further study on crop models, hourly irradiance data can
be obtained for a certain period of time, e.g. a full growing season. Even though, further
field study is still in need to verify the theory and conclusions in our study, especially
with live plants. In the further field study, the mechanical rotation of PV panels can be
realized by installing one-axis sun trackers at the back of PV panels, without affecting the
solar irradiance on the PV panel and in the greenhouse.

5.4.4. RESTRICTIONS OF THE CURRENT WORK

Though the proposed modeling and simulation scheme (Figure 5.3) is capable of per-
forming the intended simulations, there are still margins to further improve the results,
dependent on the availability of the simulation tools and some related models. In this
work, Meteonorm outputs climate data with the minimum time interval of one hour.
Other data sources or real-time measurements can also be used in the models. Regarding
DIVA, its current version does not support the loop function over a period of time. The
ray-tracing simulations of the greenhouse array have to be run manually in the current
work. As to the model of the PV module, two inputs, i.e. global irradiance and module
temperature, are considered in the electrical performance of the PV module. However, in
reality, relative humidity (RH) can affect not only the module temperature, but also the
incident irradiance. Besides, water vapour particles may enter the solar cell enclosure
and consequently affect the performance of the PV module. More accurate PV models
considering RH shall be further investigated in the future.

Generally, the energy performance of a PV greenhouse contains not only PV electric-
ity production and interior irradiance, but also the thermal behavior, plant production,
and electricity consumption. The model can be made even more comprehensive by in-
cluding e.g. Computational Fluid Dynamics (CFD) models [36] and crop models [5].

5.5. CONCLUSIONS

N this work, we have investigated the energy performance of PV greenhouses under

three PV layouts and four special sun-tracking positions. The PV layout should be
determined at the initial stage of the greenhouse design according to the light prefer-
ence of crops. The high-density PV (HDPV) layout is capable to form more uniform
interior irradiance and generate more electricity; while low-density PV (LDPV) layouts
enable higher global irradiance in the greenhouse. Four sun-tracking methods (closed,
quasi-perpendicular sun tracking, no-shading, and open) are proposed to regulate the
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daily operation of the PV greenhouse with determined PV layouts. Dynamic positions
of PV modules by different sun-tracking methods are derived as the functions of the
solar positions. With respect to HDPV 1, the no-shading sun tracking can achieve the
highest annual energy generation and annual average uniformity of interior global ir-
radiance among others. Compared to conventional (quasi-perpendicular) sun-tracking
method, no-shading sun tracking generate 6.91% more electricity under the layout of
HDPV 1. Meanwhile, annual average global irradiance and uniformity are improved by
10.96% and 10.68% respectively compared to the fixed PV panels in the closed position.
As to LDPV 1 and LDPV 2, the best performance of electricity production is obtained
by the quasi-perpendicular sun tracking, which leads to the lowest interior global irra-
diance and relatively high irradiance uniformity. Compared to the closed position, the
annual generation is increased by 7.40% under quasi-perpendicular sun tracking. Mean-
while, annual average uniformity of global irradiance are increased by 9.80% (LDPV 1)
and 4.70% (LDPV 2).
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TRANSPARENCY-TUNABLE
PHOTOVOLTAIC WINDOWS

Abstract

Previous chapters mainly focus on the modeling and optimization of PV windows with
sun-tracking elements. In this chapter, a PV-powered transmittance-tunable device is
introduced as an alternative of PV windows. This work comprises two main parts, one of
which is the method of designing and fabricating semi-transparent thin-film amorphous
silicon solar cells. The other is the control of the PV windows by polymer dispersed lig-
uid crystal (PDLC) films. Using an optical model, GenPro4, we provide with a simu-
lation method to optimize the configuration of such solar cells. For a single-junction
amorphous silicon solar cell, the optimized thickness of the absorber layer is obtained
at 170 nm to realize a target average transmittance of 20% in the visible range of the sun-
light spectrum. Measurement results show that an average transmittance of 20.04% is
achieved with the conversion efficiency of 6.94%. Additionally attached to a PDLC film,
the transmittance of the PV window can be further controlled. The prototype of a house
model has been built to demonstrate the feasibility of such a combination.

Parts of this chapter have been published in the IEEE 44th Photovoltaic Specialist Conference (PVSC), 2605
(2017) [1].
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6.1. INTRODUCTION TO SEMI-TRANSPARENT SOLAR CELL

EMI-TRANSPARENT photovoltaics (STPVs) are drawing more and more attention due

to the prospect of PV applications integrated with architecture, agriculture, automo-
bile, etc. [2, 3]. STPVs not only contribute to the reduction of greenhouse gas emission,
but also to the esthetic design of PV systems because of the colorful and translucent ap-
pearance [4]. Comparing with other promising candidates for STPV (such as Perovskite
[5], organic photovoltaics [6], etc.), thin-film silicon technology reveals its advantages
in the respect of stability, abundant raw material, capability of mass production and
very large area deposition [7]. Currently, commercially available STPV products apply-
ing thin-film silicon technology vary in module efficiency, transmittance, and color ap-
pearance [4]. Customized modules can be installed as the windows in buildings [2], the
envelope of glass greenhouse [3], and even automotive sunroof and windows [6]. One
of the challenges for promoting this technology is to improve the efficiency of energy
conversion while preserving the transparency of target surfaces.

Unlike conventional opaque solar cells, the back contact in semi-transparent solar
cells acts as only a conductive layer, instead of a back reflector. To achieve desired trans-
parency, most previous research was conducted by replacing the metal back contact with
transparent back contact (TBC) and tuning the thickness of certain layers based on ex-
isting structures of opaque solar cells. However, experimental results of those research
were presented by different criteria on the transparency of STPV, such as the average
transmittance over a certain spectral band, the transmittance at a certain wavelength,
etc. Therefore, here relevant literatures are reviewed individually without concluding
the best candidate among them. Yeop Myong et al. invented and investigated three
approaches to fabricating proper back contacts for colored semi-transparent PV mod-
ules, i.e. TBC type with green color, hybrid type with additional laser-scribed patterns
and blue encapsulating film, and opaque back contact (OBC) type with additional laser-
scribed patterns. Module-level values of average total transmittance in the wavelength
range of 360-750 nm (T365_750) and the nominal conversion efficiency () were shown in
TBC type (T365_750 = 14.0%, n = 5.6%), hybrld type (T365_750 = 30%, 1 = 3.5%), and OBC
type (T365_750 = 10%, 1 = 6.4%), respectively [4]. Lim et al. conducted a series of experi-
ments to obtain the optimal thickness of transparent conductive oxide (TCO) [8], high-
bandgap (HB) n/i-interface layers [9], and p-Si layer [10], respectively. In [8], the thick-
ness of TCO was taken as the variable, and hydrogenated amorphous silicon (a-Si:H)
with TCO thickness of 300 nm exhibited an outstanding performance (749 _go0 = 21.6%,
1n = 5.6%). In [9], HB layers were introduced to decrease shunt loss and increase car-
rier collection. Among all HB-layer structures, the cell fabricated with triple HB layers
showed the best optoelectronic performance (T400_goo = 23.6%, 1 = 6.9%). In [10], the
thin p-Si layer was employed to obtain high transparency and high current density while
a buffer layer was used to enhance , which was reduced by the thin p-Si layer. The best
performance (T500_goo = 30.7%, 1 = 5.36%) was found when the thickness of p-Si layer
was 7.5 nm and the thickness of buffer layer was 0.5 nm. Lee et al. investigated ultra-
thin intrinsic a-Si/organic hybrid structures which are able to produce transmissive or
reflective colors (red, green, and blue). It was claimed that the power efficiency of the
hybrid cell was obtained up to 3%. Transmission spectra were plotted in curves, without
calculating the values of average transmittances [11].
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Previous research shares a common problem that the variable thicknesses of target
layers were chosen manually based on the experience of researchers. The interval of cho-
sen variables cannot be too small since fabricating cell samples costs time and efforts.
Therefore, precise simulation plays an important role in optimizing the configurations
and structures of semi-transparent solar cells quickly. However, details of simulation
methods were rarely mentioned in previous research. In this study, GenPro4, an optical
model developed at the PVMD group, is applied to the design and optimization of semi-
transparent single-junction a-Si:H solar cells [12, 13]. GenPro4 represents the solar cell
as a multilayer structure and calculates the fraction of incident light absorbed in each
layer, taking into account scattering of light at the interfaces. Such model and its pre-
vious versions have been validated for a wide variety of wafer-based and thin-film solar
cells [12-15]. The photocurrent density associated to the absorptance in the absorb-
ing i-layer, to the reflection and to the transmittance of the solar cell can be accurately
calculated with proper input data, such as surface morphologies, layers thickness and
refractive indexes. GenPro4 supports our efforts in fabricating, testing and measuring
solar cells with various configurations to obtain solar cells with balanced optical and
electrical performance.

In this work, an optimization method is proposed to design and fabricate semi-trans-
parent solar cells. At first, the device structure was modified based on the structure of a
state-of-the-art opaque solar cell. Then, GenPro4 was deployed to optimize the thick-
ness of the target i-layer to obtain desired transmittance. According to the simulation
results, a sample was fabricated and measured to compare with our estimation. Conclu-
sions were drawn at the end, along with necessary analysis and discussion.

6.2. SEMI-TRANSPARENT AMORPHOUS SILICON SOLAR CELL
6.2.1. DESIGN AND OPTIMIZATION

ZnO:Al
Ag ~

~—~ n-SiOx:H —,

i-a-Si:H
p-SiOx:H
SnO,:F p-nc-Si:H SnO,:F
glass glass

Figure 6.1: Schematic structures of single-junction a-Si:H solar cells with a Ag and b ZnO:Al as back contact,
respectively. The direction of light incidence is from bottom to top.
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TATE-OF-THE-ART opaque single-junction a-Si:H cells have a device structure as sho-

wn in Figure 6.1a. To obtain a semi-transparent structure, the Ag back reflector is
replaced with ZnO:Al transparent conductive oxide (TCO), which enables the transmit-
tance of un-absorbed light through the solar cell, as shown in Figure 6.1b. Since GenPro4
is a purely optical model, which does not consider the electrical characteristics of the so-
lar cell, we assume that the open circuit voltage (Vpc) and the fill factor (FF) maintain
typical values when we adjust the thickness of each layer within reasonable ranges. With
GenPro4, the implied photocurrent can be calculated quickly as a function of the thick-
ness of absorber layer. In this way, we can possibly estimate the conversion efficiency of
the solar cell in terms of simulation variables, i.e. the thickness of crucial layers. Theoret-
ically, the thickness of all the seven layers should be taken as input variables. However,
relatively thin layers, such as p-layer and n-layer, contribute to a relatively small portion
of light absorption, but have critical impact on electrical characteristics. Therefore, the
thickness of p-nc-Si:H, p-SiOy:H, and n-SiO,:H is kept constant in the optical simula-
tion. Meanwhile, the thickness of glass and fluorine-doped tin oxide (SnO,:F) is deter-
mined by the nanotextured Asahi-VU substrate, and the thickness of Zn0O:Al is chosen to
be 300 nm, ensuring both high transmittance and sufficiently low sheet resistance. Thus,
the variable layers are narrowed down to the i-layer only.

To estimate the conversion efficiency (1) of the cell, we assume that V¢ stays at 0.85
V, and FF at 0.7. The implied short circuit current density (Js¢) can be obtained from
the optical simulation. Then, as the power input (P;,,) is the standard 100 mW/cm?,
n = JscVocFF/P;,. Figure 6.2 presents the efficiency and transmittance with varying
thickness of i-layer from 50 to 500 nm. As both curves reveal distinct trends, a trade-off
must be made to achieve decent efficiency and satisfying transmittance, which is set at
20% for STPV applications [16]. The corresponding thickness of the i-layer is in this way
determined.
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Figure 6.2: The estimated efficiency () and the average transmittance between 380 nm and 780 nm (73g9_780)
of the semi-transparent a-Si:H solar cell as a function of the thickness of i-layer.
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The detailed structure of semi-transparent device is shown in Table 6.2. Owing to
GenPro4 model, experiments with layer thickness as variables can be avoided. Also,
GenPro4 can generate the reflectance, absorptance and transmittance of each layer at
different wavelength as shown in Figure 6.3. The average transmittance of the solar cell
is calculated according to the transmitted spectrum in the wavelength between 380 and
780 nm. The simulation tool can also help us investigating the optical contribution of
each layer for further improvement.

Table 6.1: Layers of semi-transparent solar cell with optimal thickness.

Layer Thickness (nm)
glass 7x10°

SnOy:F 700

p-nc-Si:tH 4

p-SiOxH 15

i-a-Si:H 170

n-SiOxxH 30

AZO 300

0.8

0.2

N
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Figure 6.3: Area plot of reflectance, absorptance and transmittance of each layer at different wavelength.

6.2.2. EXPERIMENTAL PROCESS AND RESULTS

STPV cells were fabricated on Asahi-VU type substrates, which are glass coated with nan-
otextured SnO,:F serving as front TCO and light-scattering surface. The solar cells use
a-Si:H as the absorber and have a structure of glass/700 nm SnO»:F /4 nm p-nc-Si:H/20
nm p-SiO,:H/170 nm i-a-Si:H/60 nm n-SiO,:H/300 nm ZnO:Al. The thin-film silicon al-
loy materials were deposited in a multi-chamber system using plasma-enhanced chem-
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Figure 6.4: Semi-transparent cell sample viewed at the rear with the window as background.

ical vapor deposition (PECVD) at radio frequency (RF) of 13.56 MHz. ZnO:Al is used as
the rear transparent electrode and was deposited by RF magnetron sputtering with a
shadow mask, which also defines the area of the solar cells. The semi-transparent sam-
ple fabricated as above is presented in Figure 6.4, in which the rear of the cell is facing the
camera with the window as background. The performance of the solar cells was exam-
ined by current-voltage (I-V) and external quantum efficiency (EQE) measurements. In
specific, I-V measurement was conducted under AM1.5G solar spectrum with an irradi-
ance of 1000 W/m? with a dual-lamp continuous solar simulator (WACOM WXS-90S-L.2,
class AAA) at a controlled sample temperature of 25 °C. The sample was tested in open
rear configuration (i.e. no reflective chuck). The EQE measurement was performed us-
ing an in-house system. Vpc and FF were determined by the I-V measurement. Jsc
was obtained by weighting the measured EQE with the AM1.5G solar spectrum. Table
6.2 presents the measured parameters comparing with those obtained from the optical
simulation. It turns out that the best measured efficiency is 0.32% higher than the simu-
lation results due to the underestimation of Js¢.

Table 6.2: Solar cell parameters from simulation and measurement.

Parameters Simulation Measurement
Voce (V) 0.85 0.83

Jsc (MA/cm?)  11.13 13.24

FF 0.70 0.63

n (%) 6.62 6.94

The reflectance and transmittance of the sample are also measured with a Lambda
950 spectrophotometer. Measurement and simulation results are shown in Figure 6.5.
The measured reflectance is lower than that in simulation in the range between 300 to
660 nm. On the other hand, the measured transmittance fits well with the simulation
data. It means that more light is absorbed by the solar cell than expected, which could ex-
plain why Jsc is higher than the estimated data. This abnormal results might come from
several reasons. First, the thickness of some layer(s) in the fabricated solar cell may be
different from that in simulation. The different thickness leads to more absorption and
less reflection. Second, there might be deviation during the measurement of reflectance
and transmittance. As for the transmittance, the measurement result is 20.04%, which is
close to the desired value 20%.
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Figure 6.5: Transmittance and reflectance of the solar cell obtained by measurement and simulation.

6.3. PDLC FILM
6.3.1. WORKING PRINCIPLE

Liquid crystal directors
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Figure 6.6: Working principle of PDLC film.

APolymer-dispersed liquid-crystal (PDLC) film is a sandwiched structure which can
switch from opaque to transparent state in a second. The liquid mix of polymer and
liquid crystals is placed between two layers of glass or plastic that include a thin layer
of TCO (transparent conductive oxides). The working principle is illustrated in Figure
6.6. Without applied voltage, the liquid crystal directors are randomly arranged in the
droplets, resulting in scattered light (off state). Once an AC voltage is applied to the elec-
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trodes, the electric field causes the directors to align, allowing light to pass through (on
state). The short response time and great optical performance make PDLC a promising
candidate for smart window.

A PDLC product purchased from InnoGlass has been used in this study. Critical pa-
rameters are listed in Table 6.3.

Table 6.3: Key parameters of PDLC film. *Haze refers to the average haze in the wavelength range of visible
light. The numbers are from the product data sheet.

Parameters Values

Size (cm?) 10x 10
Von (VAC) 65

Iy, (mA) 1.90

P (mW/cm?) 1.24

f (Hz) 50 - 60
Haze* (off) 80
Haze* (on) 2

6.3.2. EXPERIMENTAL PERFORMANCE

To understand the optical and electrical properties of PDLC film, the spectral transmit-
tance has been measured by applying varied AC voltage. Figure 6.7 shows that the trans-
mittance of PDLC film is continuously tunable from 0 to 65 VAC.
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Figure 6.7: Measured spectral transmittance of PDLC film.

Theoretically several photovoltaic materials with different bandgaps can be stacked
onto each other in order to fully absorb light with different wavelengths. Such tandem
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cells are called multi-junction solar cells. Commonly, we build a multi-layer structure
aiming to achieve an efficiency as high as possible. But in this case, part of the visible
light requires passing through windows. Therefore, our design should weaken the ab-
sorption of visible wavelengths and enhance that of infrared (IR) and ultraviolet (UV)
light. However, it means lower efficiency for solar cells to let considerable portion of
sunlight pass trough. Then the layer design becomes a trade-off between transmittance
and efficiency. The minimum acceptable efficiency is determined by the basic energy
demand of the PDLC films, with a power consumption around 5-12 W/m?.

Let’s assume that the PDLC film works 8 hours/day with a power consumption of
10 W/m?. Considering the system loss of 20%, the PV source has to deliver the energy
of 0.08 kWh/m?. In Delft (52.01°N, 4.36°E), the annual solar irradiation is 999kWh/m?,
and average daily irradiation is 2.7 kWh/m? [17]. If the influence of tilt angle could be
ignored, the minimum acceptable efficiency is calculated by

_ 0.08kWh/m?

~ 2.7kWhi/m?

It means that the PV film with efficiency above 3% is sufficient to power the PDLC
film with the same area under above assumptions. As mentioned above, we have fabri-

cated the semi-transparent solar cell with 6.94% efficiency, which is sufficient to power
the PDLC film.

=3.0% (6.1)

Figure 6.8 illustrates the structure of a STPV-PDLC tandem device. Figure 6.9 shows
the appearance of the tandem device in off and on states.

insulation
polymer
insulation

bl | {PDLC filmhasbeen tested
| with a poster as background. !

| (@) The input voltage is 0

VAC (off state) ;

(b) The inputvoltage is 65

VAC (on state) .

—

1"?); Semi-transparent cell samples viewed at
a3 . the rear with the window as background

Figure 6.8: Schematic structure of a STPV-PDLC tandem device.

6.4. PROTOTYPE

To demonstrate the feasibility of the tandem structure, a prototype house model has
been built. The PDLC here is powered by a battery though a mini inverter. The extra
energy generated by the STPV can also supply electricity for LED lights.
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Rear, on

Figure 6.9: Appearance of the STPV-PDLC tandem device in off and on states in front and rear views.

Exterior, on

-

Interior, off Interior, on

Figure 6.10: A prototype house model with the STPV-PDLC tandem device.
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Figure 6.11: Color appearances of the semi-transparent solar cell marked in the CIE 1931 color space chro-
maticity diagram. Circles represent the color appearance viewed from the side of the back contact, i.e. inside
the window, and diamonds represent the color appearance viewed from the side of the front glass, i.e. outside
the window. Hollow markers represent simulated results, and solid markers represent measured results.

The optical model GenPro4 was applied to the optimization of STPV cells based on thin-
film silicon technology. The simulation method was proven to be able to find out the
optimal thickness of the variable layer according to the target transmittance of solar
cells. A sample cell was fabricated accordingly and measured in experimental environ-
ment. Results show that proposed method can deliver precise estimation of transmit-
tance. Electrical parameters are estimated by empirical data, whose accuracy cannot be
ensured. The optimal semi-transparent cell sample shows competitive optoelectronic
performance (T3g0_780 = 20.04%, n = 6.94%) comparing with the results in previous re-
search. Literature review on semi-transparent solar cells reveals that it is difficult to
evaluate the optoelectronic performance since various criteria were used in the results.
Here we suggest that three types of transmittance should be calculated based on the
transmittance spectrum, i.e. average transmittance over a certain spectral band, energy-
weighted transmittance, and vision-weighted transmittance. Details on the transmit-
tance calculations shall be discussed in the future to standardize the evaluation method
of semi-transparent solar cells, which benefits both research and industrial community.

Further research on STPV can also be conducted by the proposed method. One of the
critical parameters of semi-transparent solar cells is, for instance, the color appearance,
which can be calculated according to the transmission and reflection spectra obtained
by GenPro4 [18]. Figure 6.11 presents the color appearances of the semi-transparent so-
lar cell viewed from both front and back sides. The xy coordinates of simulated and mea-
sured colors are marked in the CIE 1931 color space chromaticity diagram. It’s obvious
that the back color obtained from simulation is basically overlapped with the simulated
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result, which is calculated depending on the spectral transmission yielded by GenPro4.
It implies that tedious experimental process can be replaced with GenPro4 modeling by
varying materials and tuning the thickness of each layer in order to obtain the desired
color appearance. The simulated front color drifts from the measured one due to the
deviation of spectral reflectance.

Also, optical characteristics under different light sources or acting on the angle of
incidence and polarization can be simulated in GenPro4 by replacing the source files.
For example, the color appearance at night can be obtained by replacing the standard
solar light source files with indoor LED light source files while reversing the sequence of
layers. The design process of STPV cell can therefore be dramatically accelerated by the
proposed optimization method.
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CONCLUSIONS AND PERSPECTIVES

7.1. ANSWER THE QUESTIONS

y far, the five research questions proposed in Section 1.4 have been answered in
Chapter 2 — 6. Concise answers are listed as follows.

1. How to generate electricity in the window area of buildings by integrating photo-
voltaic applications?
A: Two solutions have been proposed and investigated within this dissertation, (1)
integrating opaque PV solar cells with window shading elements (e.g. one-axis PV
blinds), and (2) attaching semi-transparent photovoltaic solar film to the window
glass (Chapter 1).

2. What is the optimal sun-tracking position for the interior PV shading elements to

achieve the maximum power generation and non-glare daylighting, and what is
the optimal layout of solar cells on the slat of PV blinds?
A: Regarding one-axis PV blinds, the optimum sun-tracking position is given by
0y = 2arctan(zs/x,); and the optimal layout of solar cells is illustrated in Figure
2.9d (Chapter 2). As to PV windows with three-DOF shading elements, the opti-
mum sun-tracking position has been described by Eq. (3.38) and (3.39); and there
is no limitation to the cell layout (Chapter 3).

3. How to balance the overall annual energy performance of buildings integrated
with PV blinds in terms of PV power generation, artificial lighting, heating and
cooling?

A: By using the sun-tracking methods in the aforementioned answer, the optimal
overall energy performance can be achieved compared to the counterparts (Chap-
ter 4).

4. How is the PV performance across the full range of rotation angles in the green-
houses with high-density and low-density PV layouts, and how is the correspond-
ing interior irradiance distribution?

129
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A: Across the full range of rotation angles of the PV panels attached to the Dutch
greenhouse (Figure 5.4), four special positions (Figure 5.13) have been found. Ap-
parently, open position results in the minimum power generation and the max-
imum interior solar irradiance. No-shading sun tracking can achieve the high-
est annual energy generation in high-density PV greenhouses; and conventional
(quasi-perpendicular) sun tracking leads to the highest annual energy generation
in low-density PV greenhousess. The closed position usually results in the highest
irradiance uniformity, but the lowest global irradiance (Chapter 5).

5. How to fabricate semi-transparent thin-film amorphous silicon (a-Si) solar cell,
and how to control the transmittance of the semi-transparent PV window?
A: By replacing the metal back contact with TCO (transparent conductive oxides)
and reducing the thickness of i-layer, a semi-transparent a-Si solar cell is fabri-
cated. The transmittance of the semi-transparent PV window can be controlled by
an attached PDLC film (Chapter 6).

7.2. CONCLUSIONS
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Figure 7.1: Two types of PV windows: a, window shading elements integrated with opaque solar cells, and b,
window glass integrated with semi-transparent solar cells (Here R, A, and T represents the reflection, absorp-
tion, and transmission of the sunlight at the PV-attached surface).

HOTOVOLTAIC windows have to be capable to allow sunlight to partially enter the

building, otherwise windows become walls. That is the main difference between
photovoltaic windows and photovoltaic facades. In this dissertation, two types of PV
windows have been discussed: window shading elements integrated with opaque solar
cells, and window glass integrated with semi-transparent solar cells. One of the main dif-
ferences between the two types of PV windows is how they contribute to the daylighting
of the interior environment, as shown in Figure 7.1. Regarding the first type, i.e., opaque
PV shading elements, indoor daylighting mainly comes from the diffused sunlight re-
flected from the PV shading elements, since the optimum sun tracking aims to avoid
direct sunlight, which might cause glare (Figure 7.1a). In contrast, semi-transparent PV
windows enable indoor daylighting by transmitted sunlight through semi-transparent
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solar cells, which could be regulated by PDLC films (Figure 7.1b).

According to the degree of freedom (DOF), mechanical structures of PV shading el-
ements fall into three categories: one-DOE two-DOE and three-DOF (Figure 7.1a). In
this dissertation, the one-DOF PV shading elements, i.e. PV blinds, have been proven to
be capable to achieve the maximum power generation and non-glare daylighting by the
optimum sun-tracking method and particular design of cell layout. Compared to con-
ventional conventional quasi-perpendicular sun tracking, the proposed one-DOF sun-
tracking method improves the annual energy generation by 12.00% and the annual av-
erage efficiency by 8.52% (Chapter 2). This sun-tracking method can also result in the
best building energy performance of a typical office room, considering the PV electric-
ity generation, artificial lighting consumption, and heating and cooling consumption
(Chapter 4). Similar sun-tracking methods can be applied to the one-DOF PV modules
installed on the pitched roof of a glass greenhouse. Compared to conventional (quasi-
perpendicular) sun-tracking method, the proposed no-shading sun tracking generate
6.91% more electricity under the high-density PV layout (HDPV 1). Meanwhile, annual
average global irradiance and uniformity are improved by 10.96% and 10.68% respec-
tively compared to the fixed PV panels in the closed position (Chapter 5).

PV shading elements with two DOFs have been mathematically proven to be not
able to gain either maximum power generation or non-glare daylighting under the strict
assumptions. With one additional DOE we have derived the optimum rotation angles
of the variable-pivot-three-degree-of-freedom (VP-3-DOF) sun-tracking elements and
demonstrate that the optimum VP-3-DOF sun tracking can achieve the aforementioned
goals. Compared to conventional perpendicular sun tracking, the optimum VP-3-DOF
sun tracking improves the annual electricity generation and average module efficiency
by 27.40% and 19.17% respectively. In contrast with one-DOF PV blinds, VP-3-DOF
sun tracking requires less PV materials, but more sophisticated mechanical structures
(Chapter 3).

For the second type of PV windows (Figure 7.1b), in this dissertation we focus on the
design and fabrication of semi-transparent thin-film amorphous silicon solar cells. Us-
ing an optical model, GenPro4, we provide with a simulation method to optimize the
configuration of such solar cells. The optimized thickness of the absorber layer is ob-
tained at 170 nm to realize a target average transmittance of 20% in the visible range
of the sunlight spectrum. Measurement results show that an average transmittance of
20.04% has been achieved with the conversion efficiency of 6.94%. The transmittance of
the PV window can be further controlled by additionally attaching a polymer dispersed
liquid crystal (PDLC) film. The prototype of a house model has been built to demonstrate
the feasibility of the tandem concept (Chapter 6).

7.3. PERSPECTIVES

HE nature of PV windows is to turn the undesirable part of sunlight into useful elec-

tricity energy. Two main challenges are how to define “undesirable” and how to fab-
ricate cost-effective solar cells. In this dissertation, we mainly focus on improving the
power conversion efficiency of PV window while considering other variables, such as
building energy, human factors in lighting, etc. Further attention shall be paid to the
following aspects.
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. Mechanical structure and control system. The sun tracking of PV shading ele-

ments is driven by motors and transmission devices. With respect to one-DOF PV
blinds, commercial window blinds can provide sufficient examples of mechani-
cal design. However, three-DOF window shading elements have been rarely found
due to the sophisticated mechanical structure. Further development of three-DOF
rotation device is necessary for the application of VP-3-DOF sun tracking. Mean-
while, the power consumption of the motor is critical for commercial products, but
has been ignored in the theoretical calculation in this dissertation. As the cost of
light sensors decreases, interior irradiance sensors and exterior illuminance sen-
sors can be included in the closed-loop control system to track the solar direction
and regulate the incident daylight.

Electrical and optical performance. High-quality and low-cost solar cells are crit-
ical to semi-transparent PV windows. Here, “high-quality” refers to high power
conversion efficiency (PCE), reasonable transmittance, and desirable color ren-
dering index (CRI). To gain high quality and low cost, other promising PV mate-
rials besides silicon should be investigated, such as organic photovoltaic (OPV),
perovskite, etc. For a certain configuration of solar cell, increasing the PCE would
probably decrease the transmittance. How to balance the PCE and transmittance
of PV windows for optimal overall energy performance would be an important
topic.

. Electrochromic materials and devices. Current PDLC products aim at high-end

market due to the high prices. Existing electrochromic materials and devices are
not ready for large-scale application because of many factors, such as performance,
cost, market, etc. In the future, low-cost and low-power electrochromic materials
and products need to be developed. For cheaper devices, low-cost transparent
conductive layers shall be used to replace the expensive ITO, e.g. Ag nanowire.

Bi-facial effects of semi-transparent solar cells and modules. Semi-transparent
solar cells are naturally bi-facial solar cells, which require different test methods
from conventional opaque solar cells. The measurement of semi-transparent solar
cells should be standardized in both academic and industrial communities. In real
applications, how to evaluate the electricity production of semi-transparent solar
cells considering the incident light from both sides should be addressed.

Based on the conclusions of this dissertation, suggestions are made for architects

who work on photovoltaic-related building design or reconstruction. First and foremost,
photovoltaics disfavor shadows, which imply less solar radiation and greater possibilities
of current-mismatching problems. For planned buildings, the location and orientation
shall be chosen carefully so that shading from surrounding buildings and plants is min-
imum. The sunward facade can be designed to appear a tilt angle if possible in order
to increase the solar irradiation. Irregular geometrical shell shall be carefully designed
to avoid internal shading. In respect to existing buildings, shading evaluation shall be
carried out before PV design and installation. Space between PV modules shall be fully
considered to avoid shading.

The orientation of the PV module determines the amount of solar irradiance on it,
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and consequently affects its electrical performance, especially the current. When PV
modules are connected in series, the circuit current is limited by the lowest one. This
current mismatching problem shall be considered for those PV applications on complex
geometrical facade and curved roofs, or those with advanced sun-tracking algorithms.
Besides orientation, different color appearances of PV modules could also lead to cur-
rent mismatching. As mentioned in Chapter 1, PV manufactures nowadays can provide
with colorful and even white PV products for BIPV applications. When PV modules with
different colors are mixedly mounted on the same facade, they will most likely deliver
different current. Therefore, electrical circuit design shall be considered besides aes-
thetic appearance.

PV windows are not limited to building applications. Theoretically, any occasion that
requires light transmittance and power supply is the potential carrier. For example, elec-
tric vehicles, aircrafts, billboards, and even mobile phones (Figure 7.2). Applications of
PV windows could be beyond imagination.

Figure 7.2: Possible applications of photovoltaic windows.






NOMENCLATURE

ABBREVIATIONS
PV Photovoltaic
PCE Power conversion efficiency
LCOE Levelized cost of electricity
c-Si Crystalline silicon
GaAs Gallium arsenide
a-Si Amorphous silicon
CdTe Cadmium telluride
CIGS Copper indium gallium (di)selenide
QD Quantum dot
IEA International Energy Agency
BIPV Building-integrated photovoltaic
ZEB Zero energy building
EHA Equivalent horizontal area
DOF Degree of freedom
VP-3-DOF  Variable-pivot-three-DOF
DSF Double skin facade

FEMy_,04e. Four-node-based finite element model
FEMg_,04e Nine-node-based finite element model

DNI Direct normal irradiance

UGR Unified glare rating

DGP Discomfort glare probability
DC Direct-current

AC Alternating-current

ASE Adaptive solar envelope

STPV Semi-transparent photovoltaic
3D Three-dimensional

CAD Computer-aided design

WWR Window-to-wall ratio

GHG Greenhouse-gas

LER Land Equivalent Ratio

STICS Simulateur mulTIdiscplinaire pour les Cultures Standard
HD High density

LD Low density

HDPV High-density photovoltaic
LDPV Low-density photovoltaic
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PDLC Polymer dispersed liquid crystal

TBC Transparent back contact

OBC Opaque back contact

TCO Transparent conductive oxide

HB High-bandgap

PECVD Plasma-enhanced chemical vapor deposition

RF Radio frequency

I-v Current-voltage

EQE External quantum efficiency

IR Infrared

uv Ultraviolet

OPV Organic photovoltaic

NOTATIONS

Notations for Chapter 1

Ry/n Ratio of the annual solar energy received on the sunward (e.g. equator-
facing for temperate zones) vertical unit area to that received on the
horizontal unit area

Gy,global Global irradiance on a vertical plane

Gh,giobal Global irradiance on a horizontal plane

Notations for Chapter 2

Gy,global Global irradiance on a vertical plane

Gp,global Global irradiance on a horizontal plane

Gy global Global irradiance on a tilt plane

19t Direct normal irradiance (DNI)

Y Angle between the PV surface normal and the incident direction of the
sunlight

Gha Diffuse irradiance on a horizontal plane

Ry Diffuse transposition factor

Gi,ground Ground-reflected irradiance on a tilt plane

Gt beam Direct irradiance on a tilt plane

Gt a Diffuse irradiance on a tilt plane

Py Input power of PV modules

Sp Direct-beam-illuminated PV area

So Direct-beam-illuminated PV area on the individual shading element

S Z Direct-beam-illuminated PV area on the individual solar cell

Nm Efficiency of a PV module

Pous Output power of PV modules

E Energy generated by PV modules

t Time

w Width of the PV window
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A
ng

apy
Apy
npy

Rpyo

Spv
Spy
lo

ltsl
lts2

ph
Iol

102

V1,2

Length of the PV window

Solar altitude

Solar azimuth

Unit vector (x;, ¥5, zs) indicating the solar position in Cartesian coordi-
nate system

Altitude of the normal of the PV surface

Azimuth of the normal of the PV surface

Orientation of the rotated PV surface in the Cartesian coordinate sys-
tem, i.e. (xp, ¥n, Zn)

Initial orientation of the PV surface in the Cartesian coordinate system,
i.e. (1,0,0)

Rotation matrix

Total area of PV surface

Area of PV surface on the individual solar cell

Vertical length of an individual shading element

Length of the triangular shadow on the PV slat

Length of the triangular shadow on the PV slat

Current of the equivalent circuit of solar cell

Light-induced current

Reverse saturation current of diode 1

Reverse saturation current of diode 2

Voltage across the solar cell electrical ports

thermal voltage of the PV module having N cells connected in series
Number of solar cells connected in series

Series resistance

Parallel resistance

Quality factors (or emission coefficients) of diode 1

Quality factors (or emission coefficients) of diode 2

Boltzmann constant, i.e. 1.3807 x 10723 J/ K

Electron charge, i.e. 1.6022 x 10719C

Temperature of the p-n junction

Luminance in the direction connecting the observer with each source
Background luminance

Solid angle subtending the source from the position of the observer
Guth position index, expressing the dependence of perceived discom-
fort glare on the position of the source i with respect to the observer
Vertical eye illuminance

Equivalent global irradiance of partially shaded PV panel

Rotation matrix for the rotation around y-axis by the angle of 6,
Origin of the Cartesian coordinates, i.e. (0,0,0)

Annual energy generation

Annual average efficiency of the PV module

Ratio of the width (w) to the side length (ly) of the slat

Side length of the triangular shadow caused by walls and window
frames

Width of the extended horizontal slats
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Notations for Chapter 3

Ry(0,) Rotation matrix for the rotation around y-axis by the angle of
0y

R, (0,) Rotation matrix for the rotation around z-axis by the angle of
02

R, 0,) Rotation matrix for the rotation around npy by the angle of,,

Gy global Global irradiance on a tilt plane

Ig ir Direct normal irradiance (DNI)

npy Orientation of the rotated PV surface in the Cartesian coordi-
nate system, i.e. (X, Y1, Zn)

npvo Initial orientation of the PV surface in the Cartesian coordi-
nate system, i.e. (1,0,0)

Gha Diffuse irradiance on a horizontal plane

Sp Direct-beam-illuminated PV area

Swo Direct-beam-illuminated PV area on the individual shading
element

lo Vertical length of an individual shading element

wo Horizontal length of individual shading element, equal to I
in the case of a square shading element

n; Number of horizontal rows of square shading elements

Ny Number of vertical columns of square shading elements

Qij Square with the number of i j

0} Centre of the square; origin of the Cartesian coordinates, i.e.
(0,0,0)

Oij Centre of Q;;

Osij Imaginary shadow point of O;; on the surface of the target
square casted by the sunlight in the original Cartesian coor-
dinates Oxyz, i.e. (Xosij, Yosij» Z0si )

Quaij» Qgij» Qcij, Four cornersof Q;;

Qpij

Qoo Target square

R;yc-c CA Rotation matrix from the original Cartesian coordinates Oxyz
to the new Cartesian coordinates Ox’y’z’ for the two DOFs

O;. i Transformed O;; in the new Cartesian coordinates, i.e.
(x/Oij’ leij’ ZlOij)

O’Si i Transformed Og;; in the new Cartesian coordinates, i.e.
(xbsij’ ybsij’ stij)

Tk A setdefinedin 3.5

Tsgsh Union of the total TK!

Qrec Rectangle Q41QpQcQp, denoted as (y;A, z;A, y;C, Z;c)

k1 Number of TXL

k2 Number of the elements in T 45

ktemp A temporary variable

k3 Number of rectangles

Spvo PV area on an individual shading element

Ssho Shading area on an individual shading element
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Trecsh A set of k; rectangular shadows on the target square

Ryzy,c-c'(0r,02,0y) Rotation matrix from the original Cartesian coordinates Oxyz
to the new Cartesian coordinates Ox’y’z’ for the three DOFs

d Distance from a point to a line

R,(0) Rotation matrix for the rotation around x-axis by the angle of
0

ky Integer parameter for the periodic solutions of 6,

Ryzn(0y,0;,0,) Rotation matrix for three-phase rotations around y-axis, z-
axis, and npy by the angle 6, 0., and 0, respectively.

Notations for Chapter 4

w Width of the PV slat

l Length of the PV slat

0 Tilt angle

I Current of the equivalent circuit of solar cell

1% Voltage across the solar cell electrical ports

Tiight Light-generated current

I Diode saturation current

Ry Series resistance

Ry, Shunt resistance

A Modified ideality factor

ng Diode ideality factor

k Boltzmann constant, i.e. 1.3807 x 10723 J/K

q Electron charge, i.e. 1.6022 x 10719C

T Cell temperature

Gglobal Global irradiance on the non-shading PV module

1dir Direct normal irradiance (DNI)

s Solar altitude

As Solar azimuth

Gna Diffuse horizontal irradiance

GZ’?O bal Equivalent global irradiance on a partial shading solar cell

Scell Area of an individual solar cell

gfllal dow Area of the shadow on an individual solar cell

T, Ambient temperature

Gsta Sandard average illuminance on the target working plane
(0.75 m height)

Gsun Average illuminance contributed by the daylighting on the
target working plane (0.75 m height)

Pi(1) Power consumption of artificial lighting at a certain time
point

Psia Standard power consumption of artificial lighting

P; (1) Probability of lighting demand at a certain point of time
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Notations for Chapter 5

AcH Longitude of the greenhouse

bcH Latitude of the greenhouse

Al Azimuth of the greenhouse

loy Length of the greenhouse

hgh Hight of the greenhouse

wy Roof width

ar Roof inclination

WGH Width of the greenhouse

hy Roof hight

o Solar altitude

Ag Solar azimuth

an Altitude of the normal of the PV module

Apm Azimuth of the normal of the PV module

apo Altitude of the normal of the PV module in the closed state

Gglobal Global irradiance on the PV module

I g ir Direct normal irradiance (DNI)

Gp,a Diffuse horizontal irradiance

04 Angle between the incident direction of the sunlight and the normal
of the PV module

ny Unit vector (xpz, ym, 2um), indicating the position of the PV module
in the Cartesian coordinates Oxyz

AA Difference between the azimuth of the PV module and the solar az-
imuth

ng Unit vector (x;, ys, z5), indicating the solar position in the Cartesian
coordinates Oxyz

Sshadow Shading area on the PV module

Iv Length of the PV module

Wy Width of the PV module

Py Input power on the PV module from the Sun

Gl e Equivalent irradiance on the whole area of the PV module

iqjl Equivalent irradiance on the individual solar cell

Scell Area of the individual solar cell

Sgl‘;lal dow Shading area on the individual solar cell

n Conversion efficiency of the PV module

(0] Origin of the Cartesian coordinates Oxyz, i.e. (0,0, 0)

O Point in the rotation axis of one of the PV modules in the Cartesian
coordinates Oxyz

Q Point on the PV module in the Cartesian coordinates Oxyz, i.e.
(Xq1,Yq1,2q1)

Q1 Shadow of Q; on the PV module in the Cartesian coordinates Oxyz,
ie. (qus» Yaqts, qus)

Re-c'/(ap) Rotation matrix, enabling the rotation of @, around the y-axis from
the original Cartesian coordinates Oxyz to the new Cartesian coor-
dinates Ox'yz'
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Unit vector (x},, ¥}, 2),), indicating the position of the PV module
in the new Cartesian coordinates Ox'yz'

Unit vector (x;, yg, z;), indicating the solar position in the new Carte-
sian coordinates Ox' yz'

Point on the PV module in the new Cartesian coordinates Ox'yz’,
ie. (xéﬂ, Y1 Zq1)

Shadow of Q| on the PV module in the new Cartesian coordinates
Ox'yZ,i.e. (xéﬂs,y;ls,z;ls)

An arbitrary real number

Altitude of the normal of the PV module in the quasi-perpendicular
position

Current of the equivalent circuit of single diode model

Voltage of the equivalent circuit of single diode model
Light-generated current

Diode saturation current

Modified ideality factor

Diode ideality factor

Boltzmann constant, i.e. 1.3807 x 10723 J/K

Electron charge, i.e. 1.6022 x 1071%¢C

Cell temperature

Series resistance

Shunt resistance

Ambient temperature

Wind speed

Open circuit voltage

Short circuit current

Matrix of global irradiance at a grid of points on the target plane
Global irradiance of the corresponding point (i, j) on the grid of the
target plane

Minimum value of the global irradiance on the target plane
Average global irradiance on the target plane in the PV greenhouse
Uniformity of global irradiance on the target plane in the PV green-
house

Annual average uniformity of global irradiance on the target plane
in the PV greenhouse
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Notations for Chapter 6

Voc Open circuit voltage

FF Fill factor

n Power conversion efficiency
Jsc Short circuit current density
Pin Input power
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Pseudocode algorithms for Chapter 3.

APPENDIX B

Algorithm 1 Find squares contributing to the shadows on the target square by fgsn

1: function fy;s,(Q; )
2: for k; =1,2,3,...do
3: forall Q;; e TX! do

" if (V01| < )&

!
ZsOij’

5 Qi €T,
6: else
7 Qij ¢ Ty
8 end if
9: end for
10: ifT';;sh = @ then
11: End Loop k1
12: ki—k -1
13: else
14: Continue Loop k1
15: end if

16: end for

172 Tygsn «—TiqshuT
18: ko — #Tsqsn

19: return T g5, and kp
20: end function

2
N

k1
gsh U...u -I]—sqsh

< lo)&(xbl.j >0) then
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Algorithm 2 Find the overlapped rectangle of k3 rectangles by ffg

1: function fozv (Qrect, Qrec2)

2 @reco —(0,0,0,0)
. . ! / / ! ! ! ! !
3 if Va1 <Vgc) &gz < Vg &(Zg 01 < 240)&(20 40 < 2c1) then
. s !
4: 1fqul>qu2 then
. / —
5 Ygas <~ Yqm
6: else
. I
& Yqas = Vg
8: end if
. s / !
9: 1fyqu <Yqc2 then
. / 1
10: YVgcs = Ygc1
11: else
. / — /
12: Ygcs = Vg
13: end if
. se  f /
14: 1fzqu =20 p0 then
. !/ — !
15: Zga3 < Zgm
16: else
. / -
17: ZqA3 T Zqa2
18: end if
. se f /
19: if Z4c1 < Z4c2 then
. / - )
20: Z4c3 < Zqc1
21: else
. / -
22: Z4c3 < Zqc2
23: end if
/ ! ! !
24: @rec3 — (qungquych:.};chs)
25: else
26: @recs - @recO
27: end if
28: return Q.3
29: end function
30:
. k:
31: function fog (Qrects - Qrecks)
2
32 Qreci2 < fou(@reclr@recz)
2
33: @rechS - foy (QVECIZr @rec3)
34:
2
35 G;;Drecl..‘k3 - foy(@recl...(kS—l)»@reckS
36: return Qqcq. i,

: end function

w
Q
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Algorithm 3 Calculate the area of a rectangle by f;

: fun(:tion fS (@rec (J/L,Ay Z,qu yélcr Z:]C))
S - (yiic _y;A)(Z;C - Z’qA)

return S

end function

Algorithm 4 Calculate the total area of shadows on the target square

10:

11:

12:
13:

1
2:
3:
4

. if n§ - np;, <0 then

Ssho < Spvo
else
: Find k, squares (as a set of T 45p,) contributing to the shadows on the target square

by fsgsh

Find k, rectangular shadows on the target square by f2, and denote as a set of
Trecsh

Find calculate the area of k, rectangular shadows on the target square by f5, Sgo —
Srecl + -+ Sreck2

Find C,ZC2 overlapped rectangles from T,,.s, by f2, and calculate the sum of their
area Sciz — Srecirec2 + .-+ Srecireck2

Find sz overlapped rectangles from T ,..s; by fgl, and calculate the sum of their
area Ssz — Srecirec2recs + .-+ Srecirec2reck?

Find Cllg, i.e., 1 overlapped rectangle from T,.cs, by f5? and calculate its area
SC’,§§ — Srecl...reck2

Calculate the total area of shadows on the target square Sgjg < Sk2 — SC’zC2 + SCJSCZ -
SC22 +...
end if
return Sgj,
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APPENDIX D

a  Quasi-perpendicular position

©0 10. 000

b  No-shading position

©0 10. 000
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SUMMARY

Human beings consume enormous amounts of energy worldwide. More than a third of
global energy consumption is attributable to the building sector. As a renewable and
clean energy source, photovoltaic (PV) solar power generation is envisioned as one of
the most promising solutions to the global energy crisis. Window-integrated PV has been
predicted to become the largest part of the building-integrated PV (BIPV) market. This
dissertation has contributed to the developments of building-integrated PV windows in
the aspects of optimal power generation, incident irradiance and illuminance.

This dissertation is structured in seven distinct chapters. In Chapter 1, a brief intro-
duction to solar energy, photovoltaics, and building-integrated PV windows in general is
given. This chapter leads the following Chapters 2-6, each containing an independent
research topic.

In Chapter 2, a mathematical model of solar irradiance and a geometrical model of
a reference office are built, which are also useful in Chapter 3 and 4. Additionally, one-
axis PV blinds are modeled and an optimal sun-tracking angle has been found to achieve
both maximum power generation and non-glare daylighting. The optimal design of cell
layout is also proposed to avoid shading from window frames.

In Chapter 3, PV shading elements with extra degree of freedoms (DOF) have been
modeled and analyzed in a similar way as in Chapter 2. Two-DOF PV shading elements
have been proved to be the same as one-axis PV blinds with respect to optimal sun-
tracking positions. PV shading elements with three-DOF sun-tracking abilities are demon-
strated capable to meet all the requirements, i.e. gaining the maximum power genera-
tion, protecting from glare, and avoid shadows from the window frame. A corresponding
variable-pivot three DOF (VP-3-DOF) sun-tracking algorithm is given in the form of an
analytical solution.

In Chapter 4, the overall energy performance of the reference office with one-axis PV
blinds is analyzed over an entire year. Photovoltaic power generation and power con-
sumption by artificial lighting, heating and cooling have been fully considered.

In Chapter 5, PV windows are applied to the skylight in Dutch greenhouses. Un-
like vertically-mounted PV windows mentioned above, the greenhouse PV panels are
installed on a pitched roof to regulate the sunlight for plants, instead of humankind.
PV layouts in high and low densities are evaluated under four special sun-tracking posi-
tions with regard to power generation and interior irradiance. Simulation results provide
guidelines to balance the PV power generation and food production in greenhouses.

In Chapter 6, semi-transparent devices are fabricated to demonstrate the PV win-
dows. The incident sunlight can be tuned with PDLC films to form self-powered photo-
electrochromic devices.

Chapter 7 concludes the insights throughout the dissertation. In addition, an out-
look is given on PV windows.
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SAMENVATTING

De mensheid verbruikt wereldwijd enorme hoeveelheden energie. Meer dan één derde
van het wereldwijde energieverbruik is toe te schrijven aan gebouwen. Fotovoltaische
zonnestroom is een hernieuwbare en schone energiebron die wordt gezien als één van
de meest veelbelovende oplossingen voor het wereldwijde energieprobleem. Men ver-
wacht dat raam-geintegreerde zonnestroom het grootste deel van de gebouw-geintegree-
rde zonnestroommarkt zal gaan uitmaken. Dit proefschrift draagt bij aan de ontwikke-
ling van gebouw-geintegreerde zonnestroomramen.

Dit proefschrift is ingedeeld in zeven hoofdstukken. Hoofdstuk 1 geeft een korte in-
leiding over zonne-energie en gebouw-geintegreerde zonnestroomramen. Dit hoofd-
stuk is de inleiding tot de hoofdstukken 2 tot en met 6, die elk een eigen onderzoekson-
derwerp beschrijven.

In hoofdstuk 2 worden een wiskundig model van zonnestraling en een geometrisch
model van een kantoorgebouw ontwikkeld. Deze modellen worden ook gebruikt in hoofd-
stukken 3 en 4. Daarnaast worden zonnestroomjaloezieén, die draaibaar zijn om één
as, gemodelleerd en geanalyseerd. Het blijkt dat de draaihoek die de stroomopwekking
maximaliseert ook een maximum aan niet-verblindend daglicht binnenlaat. Verder wor-
den de posities van de zonnecellen geoptimaliseerd om schaduwwerking van het raam-
kozijn te voorkomen.

In hoofdstuk 3 worden zonnestroomelementen met extra vrijheidsgraden gemodel-
leerd en geanalyseerd. Elementen met twee vrijheidsgraden blijken de zon even goed
te volgen als zonnestroomjaloezieén die draaibaar zijn om één as. Ook worden stroom-
opwekkende zonweringselementen met drie vrijheidsgraden beschouwd. Deze voldoen
aan alle vereisten, namelijk het maximaliseren van stroomopbrengst, het tegenhouden
van verblindend zonlicht en het voorkomen van schaduwwerking van het raamkozijn.
De draaihoeken voor het optimaal meebewegen met de zon zijn uitgedrukt in wiskun-
dige formules.

In hoofdstuk 4 wordt de energiehuishouding van een kantoorgebouw met draaibare
zonnestroomjaloezieén gedurende een heel jaar geanalyseerd. De fotovoltaische ener-
gieopwekking en het energieverbruik door verlichting, verwarming en koeling zijn mee-
genomen in de analyse.

Hoofdstuk 5 beschouwt zonnestroomramen toegepast in de daken van Nederlandse
kassen. Deze ramen worden op het schuine dak van de kas geinstalleerd en naast het
opwekken van zonnestroom reguleren ze ook het zonlicht voor de planten in de kas. De
energieopbrengst en de instraling van zonlicht in de kas zijn door middel van simulaties
geévalueerd voor zowel een lage als een hoge dichtheid van geintegreerde zonnecellen
onder vier mogelijke draaihoeken. De resultaten van de simulaties bieden richtlijnen
om de energieopwekking en voedselproductie in kas tegen elkaar af te wegen.

In hoofdstuk 6 worden schaalmodellen van semitransparante zonnestroomramen
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gefabriceerd die elektrisch schakelbare PDLC-films bevatten. Deze reguleren het door-
gelaten zonlicht automatisch, met door het raam zelf opgewekte zonnestroom.
Hoofdstuk 7 vat de inzichten van het proefschrift samen. Daarnaast wordt een toe-

komstbeeld van zonnestroomramen geschetst.
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