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Abstract

The European Union has established two directives that require both public and private buildings to become
nearly zero energy by 2020. This has increased public interest in and development of building integrated
photovoltiac (BIPV) systems. One such BIPV solution is the PowerWindow by Physee. Even though the Pow-
erWindow does not produce as much power as a traditional rooftop installed photovoltaic solution, it can still
be viewed as a step in the right direction to achieve sustainable development.

This thesis project aims at modelling the energy yield of the PowerWindow by developing a simple frame-
work with optical, thermal and electrical models. This thesis also evaluates the electrical characteristics of the
PowerWindow under solar simulators. Furthermore, opto-electronic parameter values like current, voltage,
reflectance and so on found through experimentation are used as input to the models. The optical model
deals with a ray tracing approach to find the incident irradiance on the solar cells inside the PowerWindow.
This incident irradiance along with the weather data is used for the development of a thermal model to pre-
dict the temperature of the solar cells using a fluid dynamic approach. To model the electrical characteristics
of the PowerWindow, a one diode equivalent circuit is used. However, the current source is modified to in-
corporate the effects of inhomogeneous irradiation on and the temperature of the solar cells.

The results of this work show that the maximum power produced by the PowerWindow, currently man-
ufactured by Physee, is approximately 3.5 W under a solar simulator. This work also compares the incident
irradiation profiles of all the edges of the PowerWindow, which produce power on different days, orientations
and locations. The effects of shading on the PowerWindow is evaluated in terms of irradiation and is found
to be present only in the summer months in Eindhoven. Furthermore, the daily energy yield calculated for
a typical summer, winter and overcast day in Eindhoven is found to be 13, 5 and 3 Wh. It was concluded
that a west and east facing PowerWindows in Eindhoven produce more energy in the summer and less in
the winter as compared to a south facing PowerWindow. Additionally, the most performance effective circuit
configuration is found to be the one with both blocking and bypass diodes.

iii






Acknowledgement

I'would like to express my sincere heartfelt gratitude to my daily supervisor Dr. Rudi Santbergen for support-
ing my work and providing me with feedback every step of the way. You've been a tremendous mentor and
your patience is much appreciated. I would also like to thank Dr. Arno Smets (TU Delft) and Mr. Ferdinand
Grapperhaus (Physee) for making this thesis possible. I would like to take this opportunity to acknowledge
with much appreciation Mr. Sam Anders, my supervisor at Physee. Thank you for encouraging me and al-
lowing me to grow at my own pace. I also thank the entire team at Physee for their support during my time at
Physee.

A special thanks to Andres, Vimal and Matteo for continually helping me throughout my thesis. Words
can not express how grateful I am to the three of you. Lastly, a big thank you to all my friends with whom I
shared the last two and half years for making my life in the Netherlands fun by creating a great environment
to live and study in. And also to my family for their utmost love and support.

SHREEA SHARMA
Delft, March 2018






Contents

List of Figures

List of Tables

1

Introduction

1.1

1.2
1.3
1.4

PowerWindow by Physee . . . . . . . . . . . . e e e e e e e e e e e e e
1.1.1 Solar Components Inside a PowerWindow. . . . . . . . . . ... ... ... ... ...
Energy Yield Prediction . . . . . . . . . . . . . e e e e
Motivationfor Thesis . . . . . . . . . . . . L e e e e e e
Outlineof Thesis . . . . . . . . . . 0 i e e

Opto-Electronic Experiments

2.1

2.2

2.3

24

2.5

2.6

2.7

Characterisation Methods . . . . . . . . . . . . . . i e e e
2.1.1 Optical Testing. . . . . . .« . o o o i e e e e e e e e e e e e e
2.1.2 Electrical Testing. . . . . . . . . . o o i i i i e e e e e e e e e e e
2.1.3 Opto-Electronics Testing. . . . . . . . .« . 0 v v v it vt e e e e e e
2.1.4 Theoretical Electrical Parameters of the Solar Components . . . . . . . ... ... ...
Optical Properties. . . . . . . . . . . . o o e e e e e e e
2.2.1 Reflectanceof Glass . . . . . . . . . . . i L e e e e e e e e e e e
2.2.2 Reflectance of Mini-Module . . . . . . . . . . . . . . ...
2.2.3 Transmittanceof Glass. . . . . . . . . . . . . ... e e e e e
Solar Cell . . . . . . . . e e e e e e e e e e
2.3.1 IVand PVCharacteristiCs . . . . . . . . . o i i i e e e e e e e e e e e e e e e e e
232 EQE . . o o e e e e e e e e e
Mini-Module . . . . . . . . e e e e e e e e e e e e e
2.4.1 I-VandP-Vcharacteristics. . . . . . . . . . . . . o i i e e e e e e e e e
2.4.2 Dark Current Measurements. . . . . . . . . v v v v v v i e e e e e e e e e e e e e
PowerModule. . . . . . . . . .. e e e e e e e e e e e e e e
2.5.1 I-Vand P-V Characteristics. . . . . . . . . . . 0 i v i e e e e e e e e e e e e
PowerWindow. . . . . . . . . . L e e e e e e e e e e e e e e e e e
2.6.1 SteadyStateTest. . . . . . . . . . L L e e e e e e e e e e e e e
Conclusions. . . . . . . . L e e e e e e e e e e e e e

Optical Modelling

3.1

3.2

3.3

3.0.1 SimulatedSkyDome. . . . . . . . . . . e e e e e e e e
3.0.2 SensitivityMap . . . . . . .. e e e e e e e e e e e e e e e e e
3.0.3 SkyMap . . . o e e e e e e e e
SimulationInput . . . . . . . . e e e e e e e e e e e e e e e e e e e e e
3.1.1 3DModel . . ..o e e e e e e
3.1.2 NumberofRays . . . . . . . . . . o e e e e e e e e e e e
Simulation Results . . . . . . . . . . . L e e e e e e e e
3.2.1 Effect of Differently Oriented and Tilted Cells Inside the PowerWindow . . . . . . . . . .
3.2.2 EffectofSelf-Shading . . . . . . . . .. .
3.2.3 Effect of the Orientation of the PowerWindow . . . . . . . . . ... ... ... .....
3.24 Effectof Geography . . . . . . . . . . . . e e e e e
Conclusions. . . . . . . . . o L e e e e e e

Thermal Modelling

4.1
4.2
4.3
4.4

Nominal Operating Cell Temperature (NOCT) model. . . . . . . . . ... ... .. .. ....
Modified Fluid-Dynamic MFD)model . . . . . . . . . . ... . o
Evaluationofmodels . . . . . . . . .. . L e
Conclusions. . . . . . . . . o e e e e e



viii

Contents

5 Electrical Modelling

5.1 Electrical ModellingApproach . . . . ... ... ... .......
5.1.1 ElectricalCircuit. . . . . . . . .. ... .. ...
5.1.2 Electrical Parameters for Simulation. . . . . . . .. ... ..
5.1.3 Modelling Circuit Configurations . . . . . . ... ... ...
5.1.4 Analysis . . . . ..o

52 Results . . . ... ... L e

5.2.1 Effect of Different Irradiation Conditions
5.2.2 Effect of Orientation of the PowerWindow

5.2.3 Effect of Blocking and BypassDiodes . . . . . ... ... ..
53 Conclusions. . . . . . . . .. L L e

6 Conclusions and Recommendations

6.1 Conclusions. . . . . . . . v v i i e e e e e e e e e e e
6.2 Recommendations . . . . . . . . . . v i i i v it

Bibliography



List of Figures

1.1 Layout of and components inside a PowerWindow. . . . .. ... ... ... ... ... .. .... 2
1.2 (a) Aluminium spacer beam in an ordinary window, (b) PowerMount with PowerModules in a
PowerWindow by Physee. . . . . . . . . . . e e e 3

1.3 (a) Solar cell KXOB22-12X1F by IXYS, (b) SLMD121HO08L Type C mini-module by IXYS, (c) Pow-
erModule by Physee, (d) PowerBar with 3 PowerModules in parallel and (e) PowerWindow with
3PowerBarsinparallel. . . ... ... .. . . L 3

1.4 Development of framework in order to calculate the energy yield of the PowerWindow . . . . . . 4

2.1 The different tests needed to fully characterise the PowerWindow, where * indicates tests re-

quiredforglass. . . . . . . .. e e e e e 7
2.2 Reflectance profile of 3 different typesofglasses. . ... .. ... ... ... ... . ... .. ... 9
2.3 Transmission profile of amini-module. . . . .. ... ... .. . L L 10
2.4 Transmission profile of 3 different typesofglasses. . .. ... .. ... ... .. ... .. ... ... 11
2.5 (a) I-V curves and (b) P-V curves for four randomly selected solar cells at Standard Test Condi-

HOMS. . v i e e e e e e e e e e e e e e e e e e e e e e 11
2.6 EQE curves for four randomly selected solar cell at Standard Test Conditions (STC). .. ... .. 12
2.7 Temperature dependent (a) I-V, (b) P-V (c) V, versus temperature and (d) I, versus tempera-

ture curves for a mini-module at 1000 W/m?. . . . .. ... ... 13
2.8 Dark forward I-V curve of a mini-module in a semi-logarithmicscale. . . . ... ... ... .... 14
2.9 I-Vcurves for different test case scenarios for one PowerModule where ’Scenario’ is abbreviated

10 S e e e e 15
2.10 P-V curves for test case scenarios 1,7, 8 and 9 for one PowerModule where ’Scenario’ is abbrevi-

ated tO 'S L e e e 16
2.11 Temperature of the solar cell when the PowerWindow is keptundera LASS. . . .......... 16

3.1 Optical model flow chart displaying different steps required for incident irradiation determina-

TOML o o e e e e e e e e e e e e e e e e e e 19
3.2 Top view of the sky dome discretized in 640 triangles. . . . . . .. ... ... .. ... .. ... ... 20
3.3 Anexample ofasensitivitymap. . . . . . . . . . i e e e e e e e 20
3.4 Examples of sky maps for (a) a sunny and, (b) an overcast day for the city of Eindhoven [15]. .. 21
3.5 The model of a PowerWindow (in light blue and pink ) with a building structure (maroon) be-

hind it and a zoom-in of the cells (green) in LightTools. . . . . . . ... ... . ... ... ..... 22
3.6 Power incident on the PV surfaces as a function of the number ofraysused. . . .......... 22
3.7 Numbering the cells used to analyse self-shading. . . . . .. ... ... ... ... .......... 23
3.8 Sensitivity maps for (a) centre left (2), (b) centre bottom (5), and (c) centre right (8) cells. . ... 23
3.9 Sensitivity maps of cell number (a) 4, (b) 5, (c) 6, (d) 9, (e) 8, () 7, (g 1, (h) 2,and (i) 3. ... .. 24
3.10 Sun path for (a) December 19 and (b) June 28 in Eindhoven showninyellow. . . . ... ... ... 25

3.11 Irradiance profile for cell number 4, 5, and 6 for (a) December 19 and (b) June 28 in Eindhoven. 26
3.12 Trradiance profile for cell number 1, 2, 3, 9, 8 and 7 for (a) December 19 and (b) June 28 in

Eindhoven. . . . . . . . . e e e e 26
3.13 Irradiance versus time graph for the 21st September for (a) south and (b) east facing PowerWin-

dOW. .« . o e e e 27
3.14 Plot of irradiation versus time for a Powerwindow placed in the southinLT. ............ 28
3.15 Plot of irradiation versus time for a Powerwindow placed in the eastinLT. ... .......... 28
3.16 Irradiance versus time graph for the 21st September for (a) west and (b) north facingPW. . ... 29
3.17 Plot of irradiation versus time for a Powerwindow placed in the westinLT. . . ... ..... ... 30
3.18 Plot of irradiation versus time for a Powerwindow placed in the northinIT. . . ... ... .. .. 30
3.19 Integral sky map of the sunpath throughout the year for (a) Eindhoven, (b) Palermo, and (c)

Dubai.. . . . . e e e e 31



List of Figures

3.20 Plot of irradiation versus time for a Powerwindow placed in the south in the city of Palermo, Italy. 32

3.21 Plot of irradiation versus time for a Powerwindow placed in the south in the city of Dubai, UAE.

4.1 (a) Net heat exchange between tilted solar cell inside PowerWindow and its surroundings, and
(b) equivalent thermal circuitnetwork. . . .. ... ... .. .. .. L o
4.2 Simulated cell temperature using MFD and NOCT models forasunnyday. . . .. .........

5.1 Electrical model flow chart displaying different steps required for the calculation of DC power
and daily energyyield. . . . . . . . .. e e e e
5.2 One DioderepresentationofaPVcell. . . . ... ... ... .. . . L o o
5.3 J-V curve obtained with curve-fitting using experimental values for asinglecell. . . . . . ... ..
5.4 Experimental and simulated I-V curve for a mini-module at STC.. . . . ... ............
5.5 Different equivalent circuit configurations using (a) 12, (b) 0 number of bypass diodes, (c) 0 and
(d) number of blocking diodesforaPowerBar. . . . .. ... ... .. ... ... .. ... .. ...,
5.6 DC power output of the bottom, left and right PowerBar with respect to average incident irra-
diation on each PowerBar on a (a) summer, (b) winter and (c) overcast day for a south facing
PowerWindow. . . . . . o o it e e e e
5.7 Daily energy yield of the bottom, left and right PowerBar for a summer, winter and overcast day
for asouth facing PowerWindow. . . . . . . . . . . . . e e
5.8 DC power output of a PowerWindow on a (a) summer day, (b) winter day and (c) an overcast
dayin Eindhoven. . . . . . . . .. e e e
5.9 Daily energy yield of a PowerWindow when placed in on summer, winter and overcast day in
Eindhoven. . ... ... e
5.10 I-V curve of a PowerBar illuminated uniformly at 1000W/m? different diode configurations.
5.11 Energy yield of a PowerWindow with different diode configurations for a summer day in Eind-
hoven. . . . . e

32

36
38

39

44

45



1.1

2.1

2.2
2.3

2.4
2.5

2.6
2.7

3.1

List of Tables

Theoretical electrical parameter values of the solar components inside and of the (1 m?) Power-
Window at Standard Test Conditions. . . . . ... ... .. ..t 9
Average reflectance of clear, coated and stripped glass over the 300 - 1107 nm wavelength range 10
Average transmittance of clear, coated and stripped glass over the 300 - 1107 nm wavelength

TANEE o v v vt e e e e e e e e e e e e e e e e e e e e e e e e e e e 11
Values of the measured electrical parameters and their relative error of the solar cells by IXYS. . 12
Measured and datasheet (rated) values of thermal coefficients of electrical parameters for a solar

Cell. o e e 14
Different test case scenarios for one of PowerModule. . .. ... ... .. ... ... ... ..... 15
Losses in I, Voc and Py, with respect to ideal case (scenario 1). ... .............. 16
Error in irradiance as a function of number of rays used for simulation in LightTools. . . . . . . . 22






Introduction

Our lives are set against the backdrop of climate change [1] and renewable resources are our best chance for
fighting against it. This is because renewable sources (such as wind and solar energy) not only provide rela-
tively low environmental impact while generating energy, but are also present abundantl, unlike traditional
energy sources (such as fossil fuels) [2]. In the world, the most abundantly available energy source is sun-
light. By utilizing on the order of 0.01% of the incident solar power we could satisfy humanity’s yearly energy
consumption [3]. Semiconductor devices such as solar cells can convert the energy coming from the sun into
usable electrical energy via the photovoltaic effect. These devices can be fabricated using different materials
and technologies, and are placed in a variety of geographical locations with varying irradiation levels [4].

In Europe, traditional buildings account for 40% of the energy consumption of and are responsible for
more than a third of Green House Gas emissions. By the implementation of renewable system based tech-
nologies, new buildings can offer the greatest potential to reduce energy consumption by 30- 80 % [5, 6]. As a
result, the European Union established two legislations including the Energy Performance of Building Direc-
tivewhich requires both public and private buildings to be nearly zero-energy buildings (NZEBs) by 2018 and
2020 respectively [7]. Consequently, clean energy solutions are needed in order to make the transition into
sustainable development.

In a densely populated country like the Netherlands, the land use is allocated for agricultural, indus-
trial and residential purposes. Especially in high-rise buildings, rooftop installed photovoltaic solutions may
achieve the European directive; however there is a limited space available on the top of the buildings. There-
fore, an architectural based solution needs to be implemented along with building applied photovoltaic sys-
tems such that the building envelope (facade) is able to produce the the required energy to make NZEBs.
Building Integrated Photovoltaic (BIPV) systems provide this solution by replacing traditional building mate-
rials with photovoltaic material and technologies. One such BIPV technology is the PowerWindow by Physee.
This device uses small area solar modules around the edges of a multi-glazed window. The concept of the
PowerWindow is a step in the right direction in order to achieve the directives mentioned above.

1.1. PowerWindow by Physee

A PowerWindow is a fully transparent, electricity generating multi-pane window by Physee. It imparts an or-
dinary window with an extra functionality of generating power using solar energy.

In order to understand the layout of the PowerWindow (PW), the structure of an ordinary window needs
to be established. An ordinary window consists of two or more glass panes that are held together by a spac-
erframe that provides a fixed offset between the glass panes. The spacerframe is made up of four aluminium
beams running along the edges and connected at corners of the window by corner keys. Two of these beams
are filled with moisture absorbing balls in order to prevent the window from fogging. The window panes and
the spacerframe are glued together and sealed.



2 1. Introduction

Perforated steel sheet Moist absorbing pebbles
F- — e —— -q POWEFCOH‘IEF
Glass panes Butylene strip
‘ Sealant
PowerMounts ‘
| |
‘ Blindplate
PowerModule ‘ !
b ——————————— o

Figure 1.1: Layout of and components inside a PowerWindow.

In the case of the PowerWindow (see Figure 1.1), the difference in the layout lies in the spacerframe. It
consists of four PowerMounts that are made of aluminium but instead of being flat, they are angled at 45
degrees as seen in Figure 1.2. This is done for two reasons:

1. to add functionality of hosting the photovoltaic cells mounted on a printed circuit board (PCB) - these
are called PowerModules;

2. to ensure maximum amount of solar irradiation on the photovoltaic cells given the design constraints
posed by the PowerWindow.

Out of the four PowerMounts, three of them are equipped with PowerModules. However, the last one is
filled with the moisture absorbing balls that are kept in place with the help of a perforated steel sheet. De-
pending on the horizontal length of the window, a Blindplate (a plane aluminium sheet that is inserted in the
PowerBar that fills up the leftover space) may be inserted next to the PowerModules to cover the empty space.
The electricity generated is transported out of the window using cables.

1.1.1. Solar Components Inside a PowerWindow

The PowerWindow consists of Original Equipment Manufacturer (OEM) customizable solar cells and mod-
ules components by IXYS [8]. Physee uses back-contacted mono-crystalline solar cells. These monocrys-
talline silicon based solar technology has one of the highest efficiencies as compared to other solar cell tech-
nologies [4, 9]. Figure 1.3 shows the different solar components that make up the PowerWindow. A Solar cell
KXOB22-12X1F cell by IXYS is the smallest OEM solar unit produced. The series connection of eight of these
cells results in SLMD121HO8L type C mini-module. Although Physee can tune the voltage between 8 - 24V, it
has standardised the voltage requirement to 12 V. This is because the PowerWindow is connected to a battery
system that is used to store the power from the PowerWindow, and it requires 12 V to operate. The voltage is
set by series connecting three mini-modules to make one PowerModule (PM). A PowerBar (PB) is made up
of parallel connected PowerModules. The length of the PowerBar determines the current it produces. Since
the PowerWindow dimensions often vary from building to building, the current of the PowerBar is not fixed,
unlike the voltage. A PowerWindow contains only three PowerBars; one on the left, the right and the bottom
side of the window. These PowerBars can be connected in series (to increase the final voltage) or parallel (to
increase final current) depending on the requirements of the project. Table 1.1 displays the dimensions of all
the solar components of the PowerWindow. It also contains a small summary of these components.
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(a)

Figure 1.2: (a) Aluminium spacer beam in an ordinary window, (b) PowerMount with PowerModules in a PowerWindow
by Physee.

Figure 1.3: (a) Solar cell KXOB22-12X1F by IXYS, (b) SLMD121HO08L Type C mini-module by IXYS, (c) PowerModule by
Physee, (d) PowerBar with 3 PowerModules in parallel and (e) PowerWindow with 3 PowerBars in parallel.
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Table 1.1: Dimensions of the solar components inside the PowerWindow.
Dimensions Active
Solar Component Area Brand Notes
(mm) LxBxH P
(mm~)
Solar cell (KXOB22- IXYS
12X1F) 22x7%x1.8 154 Korea Smallest solar product by IXYS
Type C mini-module IXYS Series connection of 8 KXOB22-
(SLMD121H08L) 86142 1204 ) Korea | 12XIE cells
Series connection of 3
PowerModule (PM) 267x16x3 3612 Physee SLMD121H08L mini-modules
Parallel connection PMs depend-
PowerBar (PB) -x16x3 -xPM | Physee | ing on the length requirements of
client
The dimensions depend on the re-
PowerWindow (PW) i 3xPB Physee q.ulremt.ants of t}}e client. Can con-
sist of either series or parallel con-
nected PBs

1.2. Energy Yield Prediction

The energy yield of any photovoltaic (PV) system can be calculated provided there are certain input param-
eters available. The two crucial input parameters are irradiance incident on the PV modules and the cor-
responding temperature of these modules. With the help of these parameters, the final energy yield of the
PV system can be estimated. Moreover, it is important to note that the incident irradiance on the module is
needed to determine the temperature of the module. Figure 1.4 shows this process of using three different
models is generally used to predict the energy yield of PV systems. For conventional rooftop PV systems there
is commercial software for energy yield prediction available [10, 11]. However, for the more complex geome-
try of a PowerWindow, the conventional optical, thermal and electrical models cannot be used and dedicated
models need to be developed.

OPTICAL THERMAL
MODELLING MODELLING
Incident
. - Temperature
irradiation on
of cells
cells
Weather _ Energy
data yield
ELECTRICAL
MODELLING
DC power
output

Figure 1.4: Development of framework in order to calculate the energy yield of the PowerWindow

1.3. Motivation for Thesis

The aim of a PowerWindow is to merge the power production capability of ordinary window with minimal
alterations to the aesthetics and its underlining functionality of separating the outdoor climate from the in-
door climate. Therefore, the PowerWindow by Physee is the first of its kind that offers a combination of both
the above mentioned functionalities in ordinary window. As a result, there is a need to accurately predict the
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energy yield this technology. Although, several optical [12-16], thermal [17, 18] and electrical models [19-22]
have been developed for non-standard PV systems, none of these approaches have been used to estimate the
performance of the PowerWindow and fully characterise its behaviour optically, thermally and electrically.

This thesis aims to address three different questions. These are listed as follows:

1. What are the optical, electrical and opto-electronic characteristics of the PowerWindow?
2. How does the layout of the PowerWindow affect its DC output?

3. Does self-shading play an important role on the PowerWindow’s DC output?

4. How do the blocking and bypass diodes affect the PowerWindow’s DC output?

5. What is the energy yield of the PowerWindow in different orientations and climatic conditions?

1.4. Outline of Thesis

Chapter 2 starts by explaining the need to conduct opto-electronic tests on the solar components inside the
PowerWindow. It aims to characterise the PowerWindow through different opto-electronic experiments and
use values obtained in the next chapters. The details of the optical model for simulating the incident irradia-
tion is outlined and explained in Chapter 3. Chapter 4 explains the methodology for obtaining the tempera-
ture of the solar cells using a thermal model. Chapter 5 consists of the electrical model of the PowerWindow
that evaluates its DC power output and daily energy yield for different situations. It uses the incident irra-
diance on and the temperature of the solar cells inside the PowerWindow obtained from chapter 3 and 4.
Chapter 6 concludes by summarising the results obtained from all the chapters in the thesis and giving rec-
ommendations for future work.






Opto-Electronic Experiments

In order to predict the energy yield of the PowerWindow (PW), it is not only critical to analyse the behaviour
of the solar components inside but also the glass used to make the PowerWindow. This experimental analysis
will provide the input parameters for the models developed in the next chapters. To obtain the required input
parameters, an experimental approach is used that starts from the smallest solar unit (solar cell) to the largest
(PowerWindow), and compares them to their respective datasheets. This approach is called the ’bottom-up’
testing method. There is a need to experimentally check the values to the theoretical or datasheet values
because of the fact that IXYS tests their cells at wafer level instead of cell or module level. The aim of chapter
is to:

1. report the differences in the observed electrical values of the solar cells and modules to the ones claimed
in the datasheet;

2. understand the electrical behaviour of the PowerWindow under solar simulators;

3. determine the optical, opto-electronic and electrical parameters values needed as input in the Optical
(chapter 3) and electrical (chapter 5) chapters to further characterise the PowerWindow.

2.1. Characterisation Methods

An overview of the characterisation methods is given in Figure 2.1. In this section each of the methods is
explained in more detail.

= Optical Tests
Characterising |
the PW o Electrical Tests
B Opto-Electronic
Tests

Figure 2.1: The different tests needed to fully characterise the PowerWindow, where * indicates tests required for glass.
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2.1.1. Optical Testing

Reflectance and Transmittance

It is crucial to study the reflection properties of the mini-module by IXYS. This is because it gives information
about the mini-module’s average reflectance which can be used as a parameter for the optical simulations in
chapter 3.

Moreover, Physee uses three types of glasses to manufacture their PowerWindows. These are float glasses
that are given the names clear, coated and stripped, for convenience. The clear glass, a type of float glass
(soda-lime) that is flat, has a uniform thickness. The coated glass is made up of a clear glass with an anti-
near-infrared (anti-NIR) coating to prevent the transmission of NIR light. When the coating on the clear glass
is mechanically removed, it results in the formation of stripped glass. Therefore, the reflective properties of
glass (that is used for making a PowerWindow) needs to be determined in order to estimate the amount of
light that will be received by the cell after it passes through the glass.

Similarly, the transmission properties of glass (clear, coated and stripped) need to be studied in order to
estimate its optical properties. This will aid in estimating the irradiance incident on the cells.

2.1.2. Electrical Testing

Current(I)-Voltage(V) and Power(P)-Voltage(V) Characteristics

The I-V and P-V relationship characteristics of a solar component determines the electrical behaviour of that
particular component. This characterisation technique gives a comprehensive representation of the cell’s
ability to convert light to usable electricity. It also helps in defining the operating point of the cell at which
the maximum power (P, ) can be obtained. This further enables us to keep the device performing under
such an operating condition where the output of the device is maximised. The I-V and P-V measurements
are not only performed at standard test conditions, but also as a function of irradiance on the cell and the
temperature of the cell [23].

Temperature dependent I-V and P-V curves are vital to predict the loss in performance when operating
under real-time conditions. Electrical parameters such as voltage, power and current depend on temper-
ature. As temperature increases, the open circuit voltage reduces significantly while the current increases
slightly. This results in a reduction of power and efficiency of the solar cell [4]. Therefore, performing such
experiments can help us calculate the percentage by which these parameters are affected.

Conducting such experiments in outdoor conditions under actual sunlight at any point of the day is not a
reliable method. This is because, the irradiance, ambient temperature and wind speed cannot be controlled
in such a situation. Therefore, a more appropriate form of measurement technique of the illuminated I-V and
P-V characteristic curves must involve the use of a solar simulator [24].

Dark Current Measurements

Dark I-V curves measurements are equally important as measuring the output of the solar cells in light con-
ditions. They are meant for diagnostic purposes since they provide additional information about the diodes
(solar cells). These measurements are used to provide information about the ideality factor of the solar cells
[24, 25].

2.1.3. Opto-Electronics Testing

External Quantum Efficiency (EQE)

External Quantum Efficiency or EQE(A) of solar cell is the ratio between the number of photons that are in-
cident on the cell and the number of electron-hole pairs it successfully collects at the contacts, as a function
of wavelength. It determines the current that will be produced by the cell when exposed to photons of wave-
length A [4].

The EQE obtained over the entire spectrum can be used evaluate the loss mechanisms like parasitic ab-
sorption in layers such as the transparent conductive oxide (TCO) layer, anti-reflection coating, the barrier
protection coating (for example EVA), back contact, etc. This characterisation technique facilitates in deter-
mining whether the design of the solar cell is optically effective or not [4].
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The equipment used at the Photovoltaic Materials and Devices (PVMD) group at TU Delft was built in-
house. The photon flux of the light source and the EQE of the sample is measured by determining the EQE
of the reference photo-diode under the same conditions including temperature conditions and light source

(calibration). A Xenon discharge lamp is used as a light source since it has broad spectrum pertaining to the
solar cell performance range.

The short-circuit current density (Js¢) is calculated using the following equation 2.1 [4].
A2
Jse=—q f EQEMN¢ 1 dA 2.1)
M i

Where g is the elementary charge (= 1.60217662 x 1079 coulombs), ¢ is the photon flux in m~?sec™! and A
is the wavelength in nm.

2.1.4. Theoretical Electrical Parameters of the Solar Components

The values of the electrical parameters have been taken from the datasheets provided by the manufacturer
of the solar cells [26] and mini-modules [27]. These values are called the ’theoretical values’ since they rep-
resent those reported by IXYS. Moreover, the values officially reported have been used to estimate the theo-
retical values of the electrical parameters of PowerModule, PowerBar and PowerWindow. Table 2.1 displays
the electrical parameter values of the solar components inside the PowerWindow. These values are fora 1 m?
PowerWindow and the effect of tilt angle and the glass have not yet been taken into consideration. The 1 m?
window consists of 4 PowerModules connected in parallel to form a PowerBar and 3 PowerBars are connected
in parallel to make the solar component of the PowerWindow.

Table 2.1: Theoretical electrical parameter values of the solar components inside and of the (1 m%) PowerWindow at
Standard Test Conditions.

V I Vv I P
Solar component oc sc mpp mpp MmPP | FF (%
P WV | my | | ma | w) (%)
Solar cell 0.63 50.0 0.5 44.6 0.02 >70
Mini-module 5.04 50.0 4.0 44.6 0.178 >70
PowerModule 15.12 50.0 12.0 44.6 0.535 >70
PowerBar 15.12 200 12.0 178.4 2.14 >70
PowerWindow 15.12 600 12.0 535.2 6.42 >70
2.2, Optical Properties
2.2.1. Reflectance of Glass
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Figure 2.2: Reflectance profile of 3 different types of glasses.

The equipment used to measure the reflectance was the Perkin Elmer Lambda 950 UV/Vis spectrome-
ter.The reflectance profiles for clear (red), coated (blue) and stripped (green) glasses are given in Figure 2.2.
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It can be seen that reflectance profile for stripped and clear glass have a nearly wavelength independent re-
flectance of about 8 % throughout the wavelength range. The coated glass has a very different reflectance
profile. It has a reflectance between 5 % and 30 % in the visible region ( 390 - 750 nm) and it reflects 45 - 60 %
of light in the infrared region (> 800 nm). A reflectance peak is seen around = 370 nm.

It should be noted that for the optical simulations, the average reflectance value of the stripped glass in
the wavelength range of 300 - 1107 nm will be used. This is because the bandgap of mono-crystalline silicon
is 1.12 eV and it corresponds to a wavelength of 1107 nm. Therefore, the solar cell will absorb all wavelengths

less than 1107 nm. The average reflectance of all three glasses for the 300 - 1107 nm wavelength range is given
in Table 2.2.

Table 2.2: Average reflectance of clear, coated and stripped glass over the 300 - 1107 nm wavelength range

Glass type | Average Reflectance (%)
Clear 8
Coated 31
Stripped 7

2.2.2. Reflectance of Mini-Module

In order to determine the average reflectance of a mini-module, it was necessary to perform its reflectance
measurements over the 300 - 1200 nm wavelength range (Figure 2.3). The average reflectance was determined
for the wavelength range 300 -1107 and was found out to be = 5 %.
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Figure 2.3: Transmission profile of a mini-module.

2.2.3. Transmittance of Glass

The same equipment to measure the reflectance was used. While the clear and stripped glass have relatively
similar transmission profiles, the coated glass has a very different profile than the other two (Figure 2.4). Since
the coated glass is used to prevent the transmission of near-infrared (NIR) light through it, the transmittance
of the coated glass reduces from = 15 % at 800 nm to almost 0 % at 1200 nm. As a result of the mechanical
stripping of the anti-NIR coating from clear glass, the stripped glass has scratches that reduce its transparency
somewhat compared to the clear glass. Therefore, the transmittance of stripped glass is less than that of clear

glass. Similar to Table 2.2, the average transmittance of clear, coated and stripped glass over the 300 - 1107
nm wavelength range is listed in Table 2.3.
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Figure 2.4: Transmission profile of 3 different types of glasses.

Table 2.3: Average transmittance of clear, coated and stripped glass over the 300 - 1107 nm wavelength range

Glass type | Average Transmittance (%)
Clear 87
Coated 31
Stripped 77
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Figure 2.5: (a) I-V curves and (b) P-V curves for four randomly selected solar cells at Standard Test Conditions.
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2.3. Solar Cell

2.3.1. IV and PV Characteristics

The solar cell measurements were first performed at Standard Test Conditions (AM1.5, 1000 W/ m?2 at 25 °C)
using a solar simulator by WACOM and 2601B SYSTEM SourceMeter by Keithley. In order to observe the typ-
ical performance of a solar cell, 4 cells were selected at random and their I-V (Figure 2.5 (a)) and P-V curves
(Figure 2.5 (b)) were plotted.

As it can be seen from 2.5, three of the solar cells (cell 2, 3 and 4) have almost the same I-V and P-V curves.
However, cell 1 has a slightly larger current value and smaller voltage value as compared to its counterparts.
The measured electrical parameter values and their relative error are presented in Table 2.4. As observed
from Table 2.4, the electrical parameter values have a relative error of < 2 %, with a relative error of < 0.5 % for
power. Compared to the rated values given in the datasheet, the I and I, values are = 13 to 15 % lower
than the rated values. While V,. and V,;, 5, values are = 6 to 8 % higher. The deviation in power is about 5 %.

Table 2.4: Values of the measured electrical parameters and their relative error of the solar cells by IXYS.

Parameters Value Units
Voc 0.67+2% \
Isc 43.0+1% mA
Vinpp 0.54+2% v
Lnpp 39.0+2% mA
Prpp 21.15+0.4% mw
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Figure 2.6: EQE curves for four randomly selected solar cell at Standard Test Conditions (STC).

The same four (randomly) selected solar cells were characterised optically to measure their EQE. Figure
2.6 displays the EQE curves for these four solar cells. As we can see, the behaviour of the solar cells is almost
similar. The EQE is lower in the short wavelength range as a result of recombination at the front surface of
the solar cell. The anti-reflection coating present at the front surface can be responsible for absorbing light
in this range as well [4]. It is a relatively flat EQE line from the 600 to 900 nm range. This can be attributed to
a homogeneous reduction of the overall quantum efficiency by the anti-reflection coating. The drop in EQE
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beyond 1000 nm is due to reduced absorption of light in silicon at these larger wavelengths. Around 1180 nm,
no light is absorbed since at those wavelength are below the bandgap of these solar cells. The mean measured
value of the J;. was found to be 38.16 mA/cm? with a relative error of < 1 %. Whereas, the difference between
the mean measured value and the value in the datasheet is 11 %.

2.4. Mini-Module

2.4.1.1-V and P-V characteristics

The experiments were performed on one mini-module at PVMD under a solar simulator by WACOM. I-V and
P-V curves were measured at 7 different temperatures ranging from 25 to 55 °C. Temperatures beyond 55 °C
could not be reached due to the limitation of the equipment used. However, the temperature range and the
number of readings noted are enough to evaluate the temperature coefficients of I;. and V,. of the mini-
module.

Figure 2.7 (a) displays the temperature dependent behaviour of the I versus V of the mini-module. It can
be observed that as the temperature increases, there is a reduction in the V,. and a small rise in the I, of the
mini-module. Since the decrease in the voltage is more than the rise in the current of the mini-module, the
power produced by it must also decrease as a function of temperature. This is indeed seen in the Figure 2.7
(b). The thermal coefficients of I, and V,. can be determined by plotting the measured I, and V,. values
individually against temperature as shown in Figure 2.7 (c) and (d). By establishing a trend line across these
points, the slope of the line gives the thermal coefficient. In Figure 2.7 (c), the slope of the line is 0.02 mA/°C.
Since current remains the same across each cell in series, the area of only one solar cell (1.54 cm?) is used
to arrive at the temperature in terms of current density. Thus, the thermal coefficient of J;. was found to
be 0.013 mA/cm?°C. Similarly, the thermal coefficient of V, . for the mini-module was found out to be -12.8
mV/°C. This is the value for series connected cells. The temperature coefficient for one cell, can be calculated
by dividing this coefficient by the number of series connected cells, which in this case is 8. As a result, for
one cell, the thermal coefficient of V. is -1.6 mV/°C. So the cell’s voltage reduces by 1.6 mV per degree rise
in temperature. Table 2.5 presents both the measured and rated thermal coefficients of I, and V., as well as
their percentage difference.
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Figure 2.7: Temperature dependent (a) I-V, (b) P-V (c) V. versus temperature and (d) Is. versus temperature curves for
amini-module at 1000 W/m?.
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Table 2.5: Measured and datasheet (rated) values of thermal coefficients of electrical parameters for a solar cell.

Percentage
Parameters Measured Rated difference
(%)
Isc (mA/°C) 0.02 0.18 160
Jsc (MA/cm?°C) 0.013 0.12 160
Ve (mV/°C) -1.6 2.1 27

2.4.2. Dark Current Measurements

A Keithley 6517A electrometer was used to perform the experiments. The ideality factor (n) of the solar cell
can be measured by plotting the dark I-V on a semi-logarithmic scale i.e. natural log of the current versus
the voltage (see Figure 2.8). The n is determined by the slope of the curve between the voltage range 1to 7V
[25]. The value of n for a mini-module was found out to be 10.31. Since 8 solar cells are connected in series to
make a mini-module, the 7 for a solar cell is 10.31/8 which is equal to 1.28.
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Figure 2.8: Dark forward I-V curve of a mini-module in a semi-logarithmic scale.

2.5. PowerModule

2.5.1.I-V and P-V Characteristics

The I-V curves for a PowerModule (PM) under different conditions need to be obtained in order to fully un-
derstand and predict its behaviour when placed at 45° and under stripped glass conditions. It is important
to benchmark different conditions similar to the ones mentioned above. These conditions are presented in
Table 2.6. The test set-up used in this experiment was the Large Area Solar Simulator (LASS) at PVMD, TU
Delft. A temperature sensor was placed under the PowerModule, and the electrical as well as temperature
data was recorded using a software that the LASS is connected to. As mentioned in the previous section, clear
glass is glass that has no coating on it and has a transmittance of > 90 %. Coated glass has an anti-infrared
coating on it that reflects most of the near infra-red and infra-red light, and some part of the visible light. The
anti-IR coating is placed on top of the clear glass. The stripped glass is obtained when this anti-IR coating is
removed from clear glass through a mechanical process.

Figure 2.9 graphically represents the above mentioned scenarios in terms of I-V measurements. The solid
lines represent 0° tilt conditions while the dotted lines represent their 45° tilted counterparts. Clearly, the
current produces by the PowerModule dramatically reduced when glass was placed in front of it. This effect
was the highest for coated glass. A slightly different trend was noticed with the voltage. While the V, . remains
appreciably similar for scenarios 1, 2 and 3, it was lower for scenario 4. This is because of the reduction in the
light generated current (Iz) produced was beyond 50 % and this affected the V. as they are related to each
other by the equation 2.2.
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Table 2.6: Different test case scenarios for one of PowerModule.

Scenario | Tilt Angle (°) Glass Glass type
S1 0 No -
S2 0 Yes Clear
Coated anti-
S3 0 Yes NIR
Stripped
S4 0 Yes anti-NIR
S6 45 No -
S7 45 Yes Clear
Coated anti-
S8 45 Yes NIR
Stripped
89 45 Yes anti-NIR
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Figure 2.9: I-V curves for different test case scenarios for one PowerModule where ’Scenario’ is abbreviated to ’S’.

nkT I
Voc = p xlnf—-1 (2.2)

o

The effect of the 45° tilt is also noticed in Figure 2.9. Ideally, the I-V curve of the PowerModule should
correspond to the solid red line. However, this scenario will never represent in real-life since the the Power-
Module is always angled at an angle of 45°. Consequently, the dotted blue, cyan and green show the expected
behaviour since they correspond to scenarios with both 45° tilt angles and glass coverage. The window manu-
facturers prefer to have an anti-IR coating on the outside window so as to avoid excessive heat build-up inside
the window and inside the house (low U-value). This coating is usually applied on the 1st glass, however, for
optimal PowerWindow design in terms of power, this is not the best case. It is ideal to use clear glass since the
loss in current and voltage is the least as compared to the other scenarios. Although, this is not the solution
that Physee can use, it provides the maximum amount of power generation. As of now, Physee uses scenario
9 which uses is to strip off the anti-NIR coating from the glass after it has been placed through a mechanical
etching process. It causes a loss of 39 % in I;¢ and 3 % in V¢, which is presented by the dotted cyan coloured
line.

Figure 2.10 compares the ideal case power (scenario 1) to the power produced when the PowerModule
is tilted at 45°, covered by glass. Again, scenario 9 (dotted cyan) represents the maximum power produced
by the PowerModule. With respect to the ideal case, scenario 9 has a 39 % loss in the power produced as
well. The difference in the losses in I, Voc and Py, with respect to ideal case (scenario 1) are presented
in Table 2.7. The lowest loss in maximum power produced is in scenario 7 and the highest is in scenario 8.
Therefore, an optimisation step for stripping the coating off of the clear glass is vital in order to increase the
power production of the PowerModule by 10 % and reduce the loss from 39 % to 28 %.
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Figure 2.10: P-V curves for test case scenarios 1,7, 8 and 9 for one PowerModule where 'Scenario’ is abbreviated to ’S’.

Table 2.7: Losses in Is¢, Vo and P, pp with respect to ideal case (scenario 1).

Scenarios I (%) Vo (%) Puipp (%)
7 28.08 0.44 27.68
8 65.21 5.07 67.44
9 39.13 2.9 39
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Figure 2.11: Temperature of the solar cell when the PowerWindow is kept under a LASS.

2.6. PowerWindow
2.6.1. Steady State Test

The Steady State test analyses the electrical behaviour of the Power Window an additional set of temperature
dependent electrical measurements. The experiment was using a LASS at the EternalSun facility. It also
estimates the DC power output of the PowerWindow at STC. The maximum power that a PowerWindow,
with a stripped glass type, was found out to be 3.46 W at STC. Furthermore, to record the temperature of
the solar cells, temperature sensors were placed under the solar cells in the PowerWindow. The temperature
was recorded when the PowerWindow was kept under the solar simulator. It can be seen from Figure 2.11
that there exists an exponential delay of 33 minutes (= 2000 seconds) before the temperature of the solar cell
stabilises. The maximum temperature reached by the solar cell is = 62 °C at STC.

2.7. Conclusions

As mentioned at the start of the chapter, the aim of this chapter was to report the differences in the observed
electrical values of the solar cells and modules to the ones claimed in the datasheet. This has been done
and it was found that the electrical parameter values claimed in the datasheet were very different from those
performed through experiments. Another goal was to understand the electrical behaviour of the PowerWin-
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dow under solar simulators. Through different tests conducted in Section 2.5.1, it was observed that the DC
power output is dependent on the glass type. It was concluded that an optimisation step was vital in the strip-
ping of the anti-NIR coating from the glass to improve the performance of the PowerModule by 10 %. It was
found that the PowerWindow produces a maximum power of approximately 3.5 W. Finally, the optical, opto-
electronic and electrical parameters values such as the reflectance, current, voltage and so on were reported
and will act as an input in the optical (Chapter 3), thermal (Chapter 4) and electrical (chapter 5) chapters to
further characterise the PowerWindow.






Optical Modelling

An important step in the prediction of the energy yield, is the calculation of the irradiance incident on the
surface of the PV module. The goal of this chapter is to calculate as well as evaluate the irradiance distribution
for different PowerWindow (PW) orientations (e.g. north, south, east and west) and different geographical
locations, which will serve as an input for thermal and electrical models next chapters. It is based on the
model developed by Santbergen et al. [15] and performed using advanced optical ray tracing software called
LightTools. The ray tracing software applies the principle of tracking individual ray paths from a light source
to the PV module surface. As seen from the Figure 3.1, the optical model consists of two sub-models which
are integrated together to obtain the incident irradiation, using equation 3.1.

Irradiationgface =f (sensitivity map) x (sky map) dQ) (3.1
sky

3D design and Advanced ray
assigning optical tracingin
L properties ) L LightTools ) L

) . p p
Sun data from Perez sky model
Meteonorm (MATLAB)

- A - A e v

Sensitivity Map

Integration of Incident
both maps irradiation

) - - o -

Figure 3.1: Optical model flow chart displaying different steps required for incident irradiation determination.

The first sub-model focusing on finding the sensitivty map (Section 3.0.2), while the second sub-model
determines the sky map (Section 3.0.3). More information about models and their functioning can be found
in the paper by Santbergen et al. [15].

This chapter aims to evaluate the following:

1. the effect of different orientations and tilts of the solar cells inside the PowerWindow;
2. the effect of placing the PW in different orientations;

3. the effect of shading on the PowerWindow by itself;

4. the effect of geography on the irradiance distribution of the solar cells inside the PowerWindow.

3.0.1. Simulated Sky Dome
Figure 3.2 represents a hemispherical sky dome that is discretized in equilateral triangles, where each tri-
angle represents a set of azimuth and zenith angles. The light source created in LighTools is moved around

19
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the object under simulation using such different sets of angles. This discretization by Regondi [28] is an im-
provement on the model by Santbergen et al. [15]. The sky dome can be discretized in number of triangles
(40, 160, 640, etc.), and this number depends on how accurately one wants to simulate the hemisphere. The
discretization of 640 triangles was chosen as it represented a good compromise between accuracy and com-
putation time.

Figure 3.2: Top view of the sky dome discretized in 640 triangles.

3.0.2. Sensitivity Map
The data obtained after running the simulation on LightTools was processed in MATLAB and the sensitivity
factor was computed. Equation 3.2 is used to obtain the sensitivity S of each PV surface [15].

Peei

= (3.2)
Acell X Iinci

Here, P..;; represents the data values incident power on the PV surface gathered from LightTools, A¢.;; is
the area of that surface (= 0.000154 m?) and the I;,,.; is the incident irradiance (= 1000 W/m?). Figure 3.3
displays an example of a sensitivity map where each triangle represents a set of azimuth (az) and zenith (ze)
angles. The black area in the map signifies zero sensitivity of a surface while the lower half of the map shows
a non-zero sensitivity at different combinations of az and ze angles.

N 1
WOE ios
- 0
S

Figure 3.3: An example of a sensitivity map.
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3.0.3. Sky Map

A sky map is a representation of the irradiance distributed across the entire sky using meteorological data
[15]. It combines both the direct and diffuse component of irradiance in the sky, separately. The direct com-
ponent is taken from the meteorological data and added to the sky element (triangle) that corresponds to
the sun position at that time [15]. Whereas, the diffuse component is computed using the Perez model [16].
Both these models require the use of pre-existing meteorological data that is obtained from Meteonorm [29].
Example of two sky map, one sunny and one cloudy day, are displayed in Figure 3.4.

Radiance (W/m?/sr)
200

100

S S 0
(a) (b)

Figure 3.4: Examples of sky maps for (a) a sunny and, (b) an overcast day for the city of Eindhoven [15].

3.1. Simulation Input

The first sub model deals with calculation of the sensitivity map for each PV surface in the PowerWindow. The
sensitivity map gives the information of the sensitivity of the surface to the incoming light for different sets of
azimuth and zenith angles. In order to obtain this map, an advanced optical ray tracing simulation software
called LightTools (LT) was used.

3.1.1. 3D Model

A 3D model of the PowerWindow was created in LightTools and each PV surface was assigned reflectance
values of 5% based on the reflectance measurements shown in the previous chapter (Section 2.2.2). Similarly,
each glass surface was assigned the property of being a smooth optical surface coupled with Fresnel loss.
Additionally, a building structure behind the PowerWindow was constructed in order to mimic real life cir-
cumstances (Figure 3.5). A ground underneath the building structure was not simulated and therfore albedo
was not taken into account.

3.1.2. Number of Rays

A PowerWindow consists of 288 PV cells each of area 1.54 cm?. It is crucial to determine the appropriate
number of rays Ry, for the simulation that will provide the best trade-off between accuracy of the simulated
irradiance value and simulation time.

In order to compute the appropriate R;, a relative standard deviation analysis for the power incident on
the surfaces was conducted for 5 different values of R;,. A reference surface (bottom cell) was taken into con-
sideration and since the PowerWindow was oriented to the south, the sun was positioned in the south at an
elevation angle of 40°. For each R, 10 sets of simulations were conducted by changing the set of random
rays and the illumination area used was 1 m?. The relative error was calculated by taking the ratio between
the standard deviation and average value of the incident irradiation for these 10 simulations, calculated using
equation 3.3. An acceptable relative error value for the case of the the PowerWindow can be < 1 %.

. Standard Deviation
Relativeerror (%) =

x 100 3.3
Averageincidentirradiationoncell 53
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Figure 3.5: The model of a PowerWindow (in light blue and pink ) with a building structure (maroon) behind it and a
zoom-in of the cells (green) in LightTools.
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Figure 3.6: Power incident on the PV surfaces as a function of the number of rays used.

The irradiation was set to 1000 W/m? to mimic power delivered from AML1.5 [4]. When R,, was chosen as
10000, the average irradiation received on the reference PV surface was greater than 2000 W/m?. This was
because only a small fraction of the rays hit the PV surface and each ray carried more weight (in terms of
power) as a result of low ray density. It can also be seen that the standard deviation in incident power was
large. As R, increased, so did the number of rays reaching the PV surface, reducing the standard deviation of
the power incident on it. The average incident irradiation stablizes to a value of ~ 855 W/m?. This is seen in
figure 3.6, where mean, max and min stand for mean, maximum and minimum value of power received by
the surface in each of the 10 simulations.

Table 3.1: Error in irradiance as a function of number of rays used for simulation in LightTools.

R, Standard Deviation (W/m?) | Relative Error (%)
10000 2651.99 244.52
100000 254.79 23.49
1000000 78.61 7.42
2500000 44.70 4.12
25000000 10.72 0.98
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Table 3.1 displays both the standard deviation and relative error. It was observed that increasing R, re-
sulted in the decrease of the relative error. For 2.5 millions rays, the relative error was < 5 % which corresponds
to a value of ~ 45 W/m?, whereas the relative error reduced to a more acceptable value of <1 % (= 11 W/ m?)
for 25 million rays. As a result, all following simulations presented in this chapter were conducted with 25
million rays. Since the discretization of 640 triangles was chosen, the total run time for each simulation for
25 million rays was 640 x 1 minute which was equal to = 11 hours. Using 100 million rays would have signif-
icantly increased the simulation run time to more than 2 days per simulation with only a 50 % reduction in
the standard deviation and relative error. Thus, 25 million was chosen as optimal solution for measurement
needs.

3.2. Simulation Results

The results of the simulations will be analysed using different solar cells in the PowerWindow. These are
numbered as shown in Figure 3.7.

Figure 3.7: Numbering the cells used to analyse self-shading.

3.2.1. Effect of Differently Oriented and Tilted Cells Inside the PowerWindow
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Figure 3.8: Sensitivity maps for (a) centre left (2), (b) centre bottom (5), and (c) centre right (8) cells.

The PowerWindow generates power from its edges by equipping the bottom edge with solar modules at
a tilt angle of 45°, and the left and right edge with different orientations at a tilt angle of 90°. Consequently,
each PowerBar, inside the window, is oriented in a different direction (as seen in introduction figure) and
therefore, will be more sensitive to those directions. Three cells, one from the middle of each PowerBar, were
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chosen in order to evaluate the effect of 'internal orientation’ of solar cells inside the PowerWindow. These
cells are named cells 2, 5 and 8 as seen in Figure 3.7. When a PowerWindow faces south, the cell 5 is sensitive
primarily to the light from the south, as seen in Figure 3.8. Similarly, since the cell 8 and cell 2 are vertical (6¢
=90°) and they are oriented towards south-west and south-east respectively, these cells are strongly sensitive
to the light from those directions.

It should be noted that the sensitivity of a surface never reaches 1 because of reflection losses from the
PV surface as well as Fresnel loss from the glass. Furthermore, for all three cases, the surfaces show zero
sensitive to light from the north. This is due to the presence of the (simulated) building structure behind the
PowerWindow in LightTools.

3.2.2. Effect of Self-Shading

Figure 3.9: Sensitivity maps of cell number (a) 4, (b) 5, (¢) 6, (d) 9, (e) 8, (f) 7, (g) 1, (h) 2, and (i) 3.
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Figure 3.10: Sun path for (a) December 19 and (b) June 28 in Eindhoven shown in yellow.

A PowerWindow can cast a shadow on one of its PowerBars, and this phenomenon is called self-shading.
It is important to evaluate the effect of the shade that the PowerWindow casts of itself since it will affect the
total DC power output of the PowerWindow. A PowerBar in a 1 m? PowerWindow is made up of 4 parallel
connected PowerModules. Each PowerModule has 24 series connected cells, and every 8 cells have a bypass
diode to counteract external environmental shading. With the help of self-shading analyses, the number of
bypass diodes as a result of self-shading can be determined. In order to understand the effects of self-shading
of the PowerWindow, the sensitivity map of 9 specific cells will be analysed. The sensitivity map for 3 cells,
2 placed at the extreme edges and 1 in the centre (Figure 3.7), in each PowerBar were analysed. Figure 3.9
displays the sensitivity map of 3 cells in the bottom, right and left PowerBars, when the PowerWindow faces
south.

For the bottom PowerBar, left-bottom (4), centre-bottom (5) and right-bottom (6) cells were taken into
consideration. Their sensitivity maps are given in Figure 3.9 (a-c). It can be seen that the sensitivity maps of
these cells are quite similar. However, for 4 and 6 cells it differs around the south-west and south-east side
respectively. This is due to the internal shading effect of the edges of the PowerWindow on the bottom Power-
Bar. Consequently, this affects the sensitivity map. For the left and right PowerBar, top-left (1), centre-left (2),
bottom-left (3), top-right (9), centre-right (8) and bottom-right (7) cells were taken into account respectively.
It can be seen from Figure 3.9 (d-i) that only the ze sensitivity of 1 and 9 cells is affected by self-shading due to
the top edge of the PowerWindow and there is no effect of the az sensitivity. This means that for high eleva-
tion angles of the sun, cells 1 and 9 will receive less irradiance compared to their respective counterparts. The
effect of this self-shading can be studied by examining the sun path. To visualize this, the data for a summer
and winter day was gathered for the city of Eindhoven. This location was chosen as the weather data were
available from a previous project.

Bottom Cells

Figure 3.10 displays the sunpath for winter (December 19) and a summer (June 28) day. On the 19th of De-
cember, the sun rises in the south-east and sets in the south-west. The effect of self-shading, as depicted by
the blue circles in Figure 3.9 (a) and (c), on the bottom cells does not bear any consequence on this day since
the sun never reaches the circled blue positions in the sky on this day. Therefore, the incident irradiance on
these bottom cells, as seen in Figure 3.11 (a), is similar. On the 28th of June, the sun rises in the north-east and
sets in the north-west. On this day, not only does the sun rises rise in the north-east but also gains altitude as
the day progresses, as seen in Figure 3.10. Since cell 6 shows zero sensitivity for north-east to around the east
(see blue circle Figure 3.9 (c)), lower incident irradiance values are seen in figure 3.11 for this cell at that time.
As the day progresses, on account of 6 cell’s sensitivity map, it receives almost the same amount of irradiance
as cells 4 and 5 until around 3:30 pm. At this time, the sun is in the blue circle shown in Figure 3.9 (a). The
lack of sensitivity for both the az and ze angles in cell 4 starts showing its effects. Between 3:30 - 4:30 pm, cell
4 receives 50 % less irradiance than its counterparts.
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Figure 3.11: Irradiance profile for cell number 4, 5, and 6 for (a) December 19 and (b) June 28 in Eindhoven.
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Figure 3.12: Irradiance profile for cell number 1, 2, 3, 9, 8 and 7 for (a) December 19 and (b) June 28 in Eindhoven.
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Left and Right Cells

The sun is closer to the horizon on the 19th of December, and thus, the irradiation received by the left and
right cells is almost similar, as seen in Figure 3.12 (a). However, for June 28th, the 1 cell receives an average of
71 % less irradiance than 2 and 3 cells till noon (Figure 3.12 (b)). This is because the sun (Figure 3.10 (b)) is
very close to the blue region shown in Figure 3.9 (g). The same trend for cell 9 is not seen because the sun is
not very close to the blue circle seen in Figure 3.9 (d) and available irradiance reduces as the day progresses.
Cell 9 receives on average 10 % less irradiance as compared to cells 7 and 8.

3.2.3. Effect of the Orientation of the PowerWindow

The aim of this study was to understand and report the difference in the irradiation received by the PowerWin-
dow when placed in north, east, west, and south. Again, for the sake of visualisation, the data was gathered
for cells 2, 5 and 8 since the PowerWindow is symmetric. The orientation of the PowerWindow was changed
in LightTools and the same simulations were conducted.
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Figure 3.13: Irradiance versus time graph for the 21st September for (a) south and (b) east facing PowerWindow.

South

When the PowerWindow is oriented south (Figure 3.13 (a)), all three cells are active during the day i.e. they
receive irradiance. The bottom cell receives the highest amount of irradiation and it peaks around when the
irradiance is the highest throughout the day, which is around 1 pm and when the sun is in the south. Even
though the left and the right cells receive irradiation throughout the day;, it is clear from Figure 3.13 that they
receive maximum irradiation at different times of the day. The left cell receives higher irradiation in the morn-
ing, while the right cell receives higher irradiation in the late afternoon to evening. This clearly shows that
all three cells are most active in different parts of the day. This result is in accordance with the sensitivity
information presented in Section 3.2.1. It should be noted that the difference in the peak irradiance values
of the left and right cells is because, on this day, there is more irradiation in the morning than in the evening
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(according to meteonorm data) [29].

Itis evident from Figure 3.14, that the bottom cell receives the highest irradiation throughout the year. The
solar radiation on a photo-voltaic surface is dependent on the angle of incidence (AOI) on that surface. This
irradiance is dependent on the orientation of the PV surface and its tilt. If the tilt of the PV surface is fixed,
the AOI on that surface is subjected to change as the path of the sun changes throughout the year. Similarly,
if the tilt of the PV surface changes with respect to sun position, it will receive maximum solar radiation [4]
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Figure 3.14: Plot of irradiation versus time for a Powerwindow placed in the south in LT.
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Figure 3.15: Plot of irradiation versus time for a Powerwindow placed in the east in LT.

East

When the PowerWindow is oriented towards the East, according to the sensitivity maps, the left cell is ori-
ented towards the north-east, the bottom towards the east and right towards the south-east. The right cell
receives the highest amount of irradiation on this day followed by the bottom cell and then the left cell (Fig-
ure 3.13 (b)). When the sun crosses the south, the left cell ceases to receive direct irradiance. When the sun
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reaches the south, the entire PowerWindow stops receiving direct sunlight. The incident irradiance drasti-
cally drops on the bottom and right cells. All receive less than 100 W/m? at noon to a value that eventually
drops to lower values as the day progresses. This is as a result of diffused irradiance.

Figure 3.15 (b) displays the yearly irradiation incident on the 3 cells. In general, in the northern hemi-
sphere, the elevation angle of the sun in the winter months is closer to the horizon [4]. It can be observed
that even though the bottom cell receives the highest amount of irradiation throughout the year, the right cell
receives either equal to or slightly more irradiation in the winter months (end of September to end of March)

as compared to the bottom cell. This is due to the internal orientation of the right cell, as its sensitivity is
maximum at the horizon of the south-east direction.
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Figure 3.16: Irradiance versus time graph for the 21st September for (a) west and (b) north facing PW.

West

The opposite trend is seen for a west facing PowerWindow (Figure 3.16 (b)) as compared to the east facing
PowerWindow. Here, the bottom cell faces the west, the left cell faces the south-west, while the right cell faces
north-west. Consequently, after the sun crosses the south, there is a sudden increase in the irradiance inci-

dent on the bottom and left cell. When the sun crosses the south-west, the right cell starts to receives direct
irradiance.

According to Figure 3.17, the left cell receives the equal to or slightly higher amount of irradiance in winter
months as compared to the bottom cell. The explanation is similar to that provided in Section 3.2.3. However,
the left cell receives less irradiation as compared to right cell when PowerWindow faces the east as mentioned

in Section 3.2.3. This is because of the intensity of sunlight available in the afternoon-evening is less than in
the morning-noon time [29].
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Figure 3.17: Plot of irradiation versus time for a Powerwindow placed in the west in LT.
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Figure 3.18: Plot of irradiation versus time for a Powerwindow placed in the north in LT.

North

A north facing PowerWind receives irradiance less than 50 W/m? as seen in Figure 3.16 (a). In this case, the
bottom cell faces the north, the left cell faces north-west and the right cell faces north-east. Since Eindhoven
is located in the Northern hemisphere, there is no direct sunlight coming from the north. Therefore, the cells

in the PowerWindow receive diffuse sunlight throughout the day. Even in this case, the bottom cell receives
more irradiance than the other two cells as a consequence of its sensitivity map.

A north facing PowerWindow also receives some amount of incident irradiance throughout the year as
seen in Figure 3.18. For the summer months, the cells receive almost 4 times the irradiation as much com-
pared to the rest of the year. This can be explained by the sun-path given in Figure 3.10 (b). In the summer,

the sun rises in the north-east and sets in the north-west. Therefore, the left and right cells receive more
irradiation as compared to the bottom cell because of their internal orientation.
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3.2.4. Effect of Geography

When the PowerWindow is placed in different locations, as mentioned in section, the AOI of sunlight changes
with respect to the sun’s position in the sky. In this study two locations, Palermo and Dubai, other than
Eindhoven were chosen to demonstrate the difference in the irradiance profile on the solar cells when placed
in these cities. Since all these cities have a different geographical location in the northern hemisphere, the
path that the sun takes through out the year varies for each city. This is shown in Figure 3.19.
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Figure 3.19: Integral sky map of the sunpath throughout the year for (a) Eindhoven, (b) Palermo, and (c) Dubai.

The integral sky map is a combination of the sun’s position throughout the year as well as diffused dis-
tribution of light in the sky for a particular location'. In Figure 3.19, the yellow portion marks the position
of the sun in the sun (blue portion) throughout the year. It can be seen from integral sky maps (Figure 3.19)
that altitude of the sun is lowest for Eindhoven and closest to the horizon during the year. The sun’s lowest
altitude is higher for Palermo than Eindhoven and is the highest for Dubai. Furthermore, the highest altitude
of the sun during the year is the greatest for Dubai, followed by Palermo and then by Eindhoven.

Only the south facing orientations when the PowerWindow is placed in different locations are used to
describe the effect of geography on the irradiance profile on the solar cells. Figures 3.14, 3.20 and 3.21 give
the irradiance distribution on the cell numbers 5, 2 and 8 respectively. It is evident from these images that
all three cities have very different irradiance distribution profiles throughout the year due to the difference in
the sunpath in these locations. Even though the irradiation received in Dubai is greater than that in Palermo
and Eindhoven, the incident irradiation on the cells during the summer months for Dubai is the lowest. This
is due to the un-optimized tilt of the cells inside the PowerWindow. Palermo receives the highest amount of
incident irradiation owing to the amount of irradiation available in this location and because the tilt angle of
the bottom PowerBar is closer to the optimum tilt angle required for Palermo. Additionally, lowest altitude
of the sun is closer to the horizon for Palermo than for Dubai and thus, the centre left and centre right cells
receive higher incident light in Palermo than in Dubai. After Palermo, Dubai receives the highest amount of
irradiation, followed by Eindhoven.

1Due to low resolution of the integral sky map, the analemma for the respective cities is not clearly seen. Therefore, for the sake of
simplicity, the lowest curve of the yellow band seen in Figure 3.19 has been taken as the lowest point of the analemma during the year.
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Figure 3.20: Plot of irradiation versus time for a Powerwindow placed in the south in the city of Palermo, Italy.
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Figure 3.21: Plot of irradiation versus time for a Powerwindow placed in the south in the city of Dubai, UAE.

3.3. Conclusions

The aim of this chapter was to calculate and evaluate not only the irradiation distribution for different win-
dow orientations (north, south, east and west) and the different geographical locations such as Eindhoven,

Palermo and Dubai. It also evaluated the effect of ’'internal orientation’ of the solar cells inside and self-
shading of the PowerWindow.

Section 3.2.1 evaluates the effect of different orientations and tilts of the cells inside a PowerWindow. It
was found that sensitivity maps of all three cells are very different from each other. Section 3.2.2 evaluated
the self-shading of the PowerWindow and for this study a total of 9 cells, three cells from each PowerBar,
were chosen. It was noted that the effect of self-shading was minimum for winter months and maximum
for summer months. It was concluded that for the entire year, the effect of self-shading was small. Section
3.2.3 described the effect of placing the PowerWindow in different orientations on 1 cell from each PowerBar.
It was noted that the south facing PowerWindow received the most amount of light while the north facing
PowerWindow received the least. Section 3.2.4 analysed the effect of placing the PowerWindow facing south
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in Eindhoven, Palermo and Dubai. It was found that irradiance distribution profile for each city was different
as a result of the sun position throughout the year and the intensity of light received in each location.

The total incident irradiation on the PV surfaces for Eindhoven, Palermo and Dubai was estimated and
their irradiance distribution profiles were evaluated. These irradiance values will serve as the input to thermal
as well as electrical model presented in the next chapters.






Thermal Modelling

The accurate prediction of the energy yield of the PowerWindow entails the calculation of the solar cell tem-
perature under operating conditions. Different methods have been developed and used to estimate the tem-
perature of solar modules [18, 31, 32] but are not suitable in this case. The case of the PowerWindow poses
a unique challenge since solar cells are placed inside a window envelope. These models do not assume cells
to be placed inside windows. Consequently, it is necessary to develop a thermal model that gives a good esti-
mate of the temperature of the solar cells inside the PowerWindow.

The goal of this chapter is to develop a thermal model for the cells in the PowerWindow. The ambient
temperature values were taken from Meteonorm, while the irradiance values were estimated using LightTools
in optical modelling chapter. This model requires as inputs the irradiance incident on the solar cell as well as
the ambient temperature. The objectives of this chapter are as follows:

1. to develop a thermal model that can predict the temperature of every solar cell in the PowerWindow for
every hour of the year;

2. To compare the Nominal Operating Temperature (NOCT) model with the Modified Fluid-Dynamic
model modified for the PowerWindow;

The temperature values obtained from the thermal model will act as input to the final electrical model that
will be discussed in the next chapter.

4.1. Nominal Operating Cell Temperature (NOCT) model
The NOCT model is the most widely used (even commercially) on account of its simplicity, however there is
a trade-off with respect to its accuracy [4].

Tnoct —20°
X

G 4.1
800 (-1

Teet1 = Tambient +
where, G is the incident irradiance on the solar cell per square meter. As seen from equation 4.1, this for-
mula does not include wind-speed and other external parameters that may have an influence over the cell
temperature.

4.2. Modified Fluid-Dynamic (MFD) model

The heat transfer mechanism of the solar cell temperature can be modelled as a function of its surroundings.
Sandia National Laboratories (SNL) developed an approach to accurately model the solar cell temperature
using available module parameters and weather data [18]. A simplified version of this model by Smets et al.
[4] assumes steady state conditions.

Conventional heat transfer models cannot be applied directly to the PowerWindow where the PV cells are
located in an air environment between two glass panes, tilted 45 relative to the glass. Therefore, for the sake

of simplification, the heat transfer equations for a solar cell inside the PowerWindow have been taken into

35
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consideration.

This model assumes the following conditions while calculating the temperature of the solar cell for each
time-step:

1. The solar cell is a considered to be a single uniform mass;

2. No heat exchange takes place between the cell and Printed Circuit Board (PCB);
3. The ambient temperature is the same on all the sides of the module;

4. Steady State condition is assumed;

5. The ambient temperature outside is assumed to be the same inside the window.

Tsky
Tsky
Rrad,sky
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Tambient / Asun

ei q rad,ground ¢PVT

Tground

- Rrad,ground

Tground 0 M
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Figure 4.1: (a) Net heat exchange between tilted solar cell inside PowerWindow and its surroundings, and (b) equivalent
thermal circuit network.

It should be noted that the PCB, over which the cells are soldered, is a poor conductor of heat'. As a result,
the PCB is a thermal insulator and is unable to conduct heat away from the solar cell. Moreover, the contact
point between the PCB and the aluminium frame is almost equal to the thickness of the solar cell (2 mm),
which is very small. The net amount of heat taken away from the PCB to the aluminium frame is negligible.
Therefore, heat transfer through conduction from the solar cell to PCB and PCB to aluminium frame is not
taken into consideration. As a result of the assumptions, the heat transfer mechanism can be simplified to
an equivalent thermal circuit network. The solar cell inside the PowerWindow radiates heat to the sky and
ground, and loses heat through natural convection to the ambient air, as seen in Figure 4.1. Since there is
no wind inside the gap of the windows, there is no forced convection. Also, the solar cell receives a heat flux
when it absorbs incoming solar irradiation.

The time-step between irradiation values is 1 hour, and the cell temperature changes insignificantly as
compared to the irradiation for such short time periods like 1 hour. This is because the cell temperature is
slightly overestimated with increasing and underestimated with decreasing irradiance. These small devia-
tions tend to cancel during the day [34]. It was found from the steady state experiments that the temperature
of the solar cell stabilises after approximately 30 minutes. Consequently, the solar cell is considered to be in
steady-state condition. The thermal energy balance of the solar cell for steady state conditions, as stated by
the first law of thermodynamics, can be represented as shown in equation 4.2.

Qin = Qout- 4.2)
Here Q;, represents the heat supplied to the cell, and Q,,; the heat released by the cell.

The steady state equation for heat transfer for the solar cell inside the PW are presented in equation 4.3.

0= he(Tpy — Tamp) +€10p0 (Tpy — Tfky) +€packo (Tpy — Tgmund) —¢pvApy (4.3)

LThis is because it is made up of a material called FR-4 with a low thermal conductivity of 0.3 W/mK [35].
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In equation 4.3, the first term, on the right hand side, h.(Tpy - Tymp) is the total convective heat transfer,
where & and Ty, p, is the total convective heat transfer coefficient for the solar cell and ambient temperature
respectively. The second and third term empa(TpV4 - Tsky4) and €pg010 (Tpv? - Tground4) are the radiative
heat transfer to the sky and ground respectively. Here €1, and €4 are the emissivity of the top and bottom
surface of the solar cell respectively, o is the Stefan-Boltzmann’s constant and, Tsxy and Tgroung are the sky
and ground temperatures respectively. These temperatures are calculated as stated in equations 4.4 and 4.5
[18].

Toky =0.0552 x T3/2 (4.4)

Tground = Tampb (4.5)

Finally, the fourth term ¢Apy is the heat flux as absorbed by the solar cell a result of irradiation incident on
it, where ¢ is the product of absorptivity (a) of the solar cell and G. Further simplification of equation 4.3 can
be done by linearizing the radiation terms using the formula mentioned in equation 4.6.

x*=yH =0+ yHx+ P (x-y) (4.6)

Even for a 10 °C change in cell temperature, the term (Tsky2 + Tgroundz)(Tsky + Tgrouna) varies by less than
5%. Consequently, this term is assumed to be constant [18]. Therefore, the linearized radiative terms hold
the form as shown in equations 4.7 and 4.8.

Hyad,pv,sky = etopU(T;%V + Tszky)(TPV + Tsky) (4.7)

2 2
Hrad,pv,ground = €back0 (Tpy + Tg,-ound)(TPV + Tground) (4.8)

By substituting equations 4.7 and 4.8 in equation 4.3, a linearized expression of the heat transfer equation for
the solar cells inside the PowerWindow can be obtained as shown in equation 4.9.

¢pvApv = Heonv,pv,amb(Tpv — Tamp) + Hrad,PV,sky(TPV - Tsky) + Hrad,PV,ground(TPV - Tground) (4.9)

Equation 4.9 can be rearranged to calculate Tpy as shown in equation 4.10.

Hcanv,PV,amh Tamb + Hrad,PV,sky Tsky + Hrad,PV,sky Tground

Tpy = (4.10)

Hconv,PV,amb + Hrad,PV,sky + Hrad,PV,ground
As seen from equations 4.7 and 4.8, Hy q4,pv,sky and Hy q4,pv,grouna are dependent on Tpy. Thus, equation
4.10 needs to be solved iteratively. This can be achieved by initialising the ambient temperature outside and
calculating the all heat transfer equations individually inside the iteration loop.

4.3. Evaluation of models

The MFD model uses heat transfer equations that are tailor made for the solar cells inside the PowerWindow.
The NOCT model, on the other hand, is an approximation based on average equilibrium temperatures of a PV
cell when incident with an irrdiation of 800 W/m? at an ambient temperature of 20°. The external parameters
that influence the temperature of PV cells are incident irradiance, ambient temperatures, and wind-speed.
In the case of the PowerWindow, the solar cells are not directly exposed to the wind and therefore, forced
convection is not taken into account in the modified fluid dynamics model.

In Figure 4.2, Ty, is the ambient temperature that is obtained from meteonorm [29] while the irradiance
incident on the cell is obtained from the optical simulations explained in the previous chapter. T,;; (MFD)
and T,.;; (NOCT) represent the temperature of the cell simulated by the MFD and NOCT models respectively.
It is visible this figure that the profile (shape) of cell temperatures is strongly dependent on the irradiation
incident on the solar cell. This means that the higher the incident irradiance on the PV cells, the higher will
be the PV cell temperature. As expected, during daytime the MFD model predicts a cell temperature that is
higher than the temperature predicted by the NOCT model. For this day the difference is up to 9°C. Further-
more, unlike temperature obtained by the NOCT model, the temperature obtained from the MFD model falls
below T, ,;, when the incident irradiation drops drastically. At this point, the incident irradiance is low and,
according to the MFD model, the cell radiates heat to the sky while receiving heat from the ambient environ-
ment and ground through convection and radiation respectively. This is because the sky temperature (T )
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Figure 4.2: Simulated cell temperature using MFD and NOCT models for a sunny day.

is lower than T, (see equation 4.4) which results in the decrease of T;.;;(MFD). Therefore, the trend of
lower T¢.;; (MFD) as compared to T, ,p, can be attributed to varying values of Ty y.

4.4, Conclusions

The first goal of this chapter was to develop a thermal model that can predict the temperature of every solar
cell in the PowerWindow for every hour of the year. The second goal was to compare the developed MFD
to the conventional NOCT model. The thermal model developed for the case of the PowerWindow is more
detailed as compared to the NOCT model to sufficiently estimate and justify the cell temperatures exposed
to a particular kind of environment taking into account several factors. The cell temperatures from the MFD
model as well as the incident irradiation obtained from the optical model will be used as inputs to the elec-
trical model, which is explained in the next chapter.



Electrical Modelling

The computation of the incident irradiance on (Chapter 3) and temperatures (Chapter 4) of the solar cells
inside the PowerWindow enable the determination of the DC power output and daily energy yield of the
PowerWindow. In order to do so, this chapter aims to develop a detailed equivalent circuit model for each cell
within the PowerWindow in order to simulate its electrical behaviour under non-uniform incident irradiance
and cell temperatures. Moreover, it aims to discuss the effect of the following on the daily energy yield of the
PowerWindow:

1. Different irradiation profiles such as a summer, winter and overcast day;
2. Orientation;

3. Blocking and bypass diodes.

5.1. FElectrical Modelling Approach

The most common approaches for simulating the electrical behaviour of a PV module are the empirical and
physical model. The former is unable to incorporate architectural parameters of the cells in a module and
outputs only the final power of the module. The latter, on the other hand, is very flexible in that aspect and
is able to produce not only the power output but also multi-level I-V curves [33]. A physical-based circuit
modelling approach has been considered in this chapter as it is the most popular technique to model a so-
lar cell. The advantages of this method include the effects of saturation current, resistances and more, that
can be individually tuned to fit model requirements. There are many circuit simulation soft-wares like QUCS
[22], LTspice [36], PCID [37] that have been used to simulate the electrical characteristics of a PV cell. In this
study, the software QUCS is used as a result of its user-friendliness, cost-effectiveness and the ease of linking
to MATLAB. Using this circuit modelling method and data processing through MATLAB as seen in Figure 5.1,
it is possible to predict the daily energy yield of the PowerWindow as well as its DC power output.

) N
Incident
irradiance

Data DC power

_ Simulationin o .
P QUCS processingin and daily
cell MATLAB energy vyield
temperatures

~ 9@ v

Figure 5.1: Electrical model flow chart displaying different steps required for the calculation of DC power and daily
energy yield.
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Figure 5.2: One Diode representation of a PV cell.

5.1.1. Electrical Circuit

While there are many ways to represent the equivalent circuit of a PV cell [38], one of the simplest represen-
tations is the one-diode model. It balances between accuracy and circuit complexities, which results in lower
computation time.

Figure 5.2 is the one diode equivalent circuit of a PV cell. It takes into consideration the current source
Iy, the diode, and series and parallel resistances Rs; and R, of the solar respectively. For this circuit, the
parameter sweep is across the DC voltage source rather than a load resistor in order to get an output. This
output (current, voltage and power of the cell) is dependent not only on the sweep voltage range but also
on the component values of this circuit. Different parameters like short-circuit current, open-circuit voltage,
maximum power point, fill factor, etc. can be extracted from the data obtained after the I-V curve simulation
in QUCS. The circuit modelling approach that is similar to [22, 39] is used in this research.

5.1.2. Electrical Parameters for Simulation
There are several equations that are needed to obtain the output electrical parameters pertaining to the circuit
given in Figure 5.2. The total current I of this circuit can be found by Kirchhoff’s current law and is displayed
in equation 5.1.

V + 1.R;

Rp

I:Iph_lsat (5.1)

V+ I.Rs)
n.Vy

exp (

Where, I, is the photo-current, Is4, is the reverse bias saturation current of the diode, n is the ideality factor
Vi, is the thermal voltage given in the equation 5.2.

k.T
Vi=— (5.2)

q

where, kis the Boltzmann constant, g is the electronic charge and T is temperature in Kelvin [4].

Photo-current

The current generated when light is incident on a PV cell is called photo-current. Often I, is considered to
be equal to the short-circuit current (I;.) of the PV cell. Since, it is dependent on both incident irradiance on
and the operating temperature of PV cell, an approximation proposed by Luque-Sala and Duffie & Beckman
can be used to obtain the expression for I, as seen in equation 5.3 [22].

3 Isc,stc.G. (1 +a. (TM - TM,STC))

ph = (5.3)

Gsrc

Where, G is the irradiance incident on the PV cell in W/m? obtained from optical modelling chapter, Gsr¢
is the irradiance at standard test conditions (= 1000 W/m?), Ty, is the PV cell temperature obtained from the
Chapter 4, Ty, s7c is the temperature of the cell at standard test conditions (= 25 °C) and «a is the thermal
coefficient of I, (=2 x 107 A/°C) (refer Chapter 2).
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Figure 5.3: J-V curve obtained with curve-fitting using experimental values for a single cell.

Saturation Current

Empirical tests based on the approximation Duffie & Beckman were done to study the effects of operating
temperature of a PV cell on I;,;. Equation 5.4 was obtained as a result of the study [22].

Ipn

Lsar = (5.4)
q-(Vocsrc+B-(Tmu=Tm,stc)) _ 1

n.k.Ty,sTc

exp

Where, V,. sTc is the open circuit voltage of the PV cell, and g is the thermal coefficient of V, (= -1.6 x 1073
V/°C) (refer Chapter 2).

It can be seen from section 5.1.2 and 5.1.2 that the both incident irradiance on and the temperature of the
PV cells have been incorporated as an input into the final electrical model.

Series and Shunt Resistances

The series (R;) and shunt (R,) values were determined using a technique called curve-fitting. In this tech-
nique, an experimental J-V curve is used as a reference and R; and R;, are found through an iterative method
performed in MATLAB using equation 5.1 after deleting the I, term. The values of R; and R, are tuned to
fit the experimental values. The Ry and R, are determined by the slope of curve at V. and J;. points respec-
tively. It can be seen in Figure 5.3 that the accuracy of the fit is high near the short-circuit and open-circuit
points. Therefore, the values obtained for the resistances are very close to accurate. The total fit of the curve
(R? value) was found to be = 0.97.

Ideality Factor

The ideality factor used for the simulations was determined by the dark current measurements reported in
Chapter 2. An ideality factor of 1.28 was used.

Comparison to Experimental Values

The experimental data of the mini-module was compared to that simulated in QUCS at STC conditions. It is
observed in Figure 5.4 that both curve profiles are very similar barring the differences in the Fill Factor (FF)
and the maximum power point (P, ) The percentage difference between the FF and Py, ,, was found to be
2 % and 4 % respectively, which are acceptable values.
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Figure 5.4: Experimental and simulated I-V curve for a mini-module at STC.

5.1.3. Modelling Circuit Configurations

Bypass Diode

The working principle of a bypass diode is to counter-act the effects of shading on solar modules by providing
a low resistance path for the current when these modules are connected in series. It is connected parallel to
but in reverse with solar modules. When the PV module is illuminated, the module conducts while when it is
shaded, the bypass diode conducts [4].

In order to understand the effect of bypass diodes on the daily energy yield of the PowerWindow, it is
necessary to evaluate different configurations of the equivalent circuit involving the bypass diode. Each Pow-
erWindow consists of 3 PowerBars that are connected in parallel, each with their own maximum power point
tracker (MPPT). Therefore, the circuit of the PowerWindow could be reduced to a PowerBar and three sepa-
rate simulations for each PowerBar were conducted in order to perform the simulations at a faster rate.

The equivalent circuit of a PowerBar is shown in Figure 5.5 (a) where the blue rectangle represent the mini-
modules (refer to Figure 1.3). Three mini-modules are connected in series, each with its own bypass diode
(green). A PowerModule is constructed by connecting one blocking diode (orange) in series with the series
connected mini-modules. Four such PowerModules are connected in parallel to make one PowerBar. Four
different equivalent circuit configurations of a PowerBar seen in Figure 5.5, without changing the voltage of
the system, are studied in this chapter to determine which equivalent circuit results in the maximum energy
yield. Figure 5.5 (a) is the schematic that is currently being used by Physee. Figure 5.5 (b) is the schematic
created to understand the effect of self-shading and inhomogeneous irradiation without using any bypass
diodes.

Blocking Diode

Blocking diodes facilitate the flow of current in only one direction by not allowing the current to flow in the
reverse direction. Its working principle is to reduce the losses pertaining to mismatch between PV arrays
connected in parallel by blocking current flow into arrays that produce less current as compared to their
counterparts. Consequently, this allows the isolation of strings that are shaded from the rest of the system [4].
Figure 5.5 (c) describes the case that was studied to understand the effects of blocking diodes on the energy
yield of the PowerWindow.

Moreover, the effect of having no diodes (Figure 5.5 (d)) in the PV system is also evaluated on the basis of
daily energy yield.
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Figure 5.5: Different equivalent circuit configurations using (a) 12, (b) 0 number of bypass diodes, (c) 0 and (d) number
of blocking diodes for a PowerBar.

5.1.4. Analysis

The results from all the simulations are analysed on the basis of DC power output (Py;p,pc) and daily en-
ergy vield (Epc,day) calculations of a PowerWindow. The daily energy yield can be done by integrating the
maximum DC power output (Pp,pp, pc) OVer a given time period (#). In this case, tis one day. The formula for
the calculation of daily energy yield in given in equation 5.5 [4].

B = f Ppupp,pc(d) dt (5.5)
day

5.2. Results

5.2.1. Effect of Different Irradiation Conditions

The PowerWindow can have a varied DC power output depending on the irradiation that is incident on and
the temperature of the solar cells inside it. Studying the effect of different irradiation conditions can facilitate
the understanding of the DC power output profile of the PowerWindow in those conditions. As mentioned
in Section 5.1.3, the electrical circuit for the PowerBar was used since each PowerBar has its own Maximum
Power Point Tracker. Therefore, the energy generated from year PowerBar could be cumulatively added to
determine the total DC energy yield of the PowerWindow.

Figure 5.6 displays the DC power output of as well as the average incident irradiation on the three Power-
Bars in a PowerWindow facing south for a summer, winter and overcast day in Eindhoven. It can be seen that
on all the three days, the DC power output profile follows the irradiation profile incident on the cells.
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Figure 5.6: DC power output of the bottom, left and right PowerBar with respect to average incident irradiation on each
PowerBar on a (a) summer, (b) winter and (c) overcast day for a south facing PowerWindow.

For a summer day (Figure 5.6 (a)), the power produced by the bottom PowerBar peaks at 1 pm. The left
PowerBar produces power in the first half of the day, peaking at solar noon owing to its orientation towards
south-east. The right PowerBar generates power from noon to evening as a result of being oriented towards
south-west. Moreover, the bottom PowerBar produces almost double the power produced by left or right
PowerBars. This is because the bottom PowerBar is oriented towards the south and is sensitive to south-east,
south and south-west orientations, and produces a power output throughout the day unlike its counter-parts.
The maximum power produced by the bottom PowerBar is = 1.2 W.

A similar DC power output profile is seen in the case of a winter day (Figure 5.6 (b)). However, the average
irradiation received on the solar cells is less than 250 W/m? and consequently, the maximum DC power out-
put from one PowerBar is limited to 0.4 W. Although the bottom PowerBar has a larger DC power output than
the left and right PowerBar, it does not produce double the power as compared to its counter-parts.

For an overcast day (Figure 5.6 (c)), the left and right PowerBars generate almost the same amount of DC
power while the bottom PowerBar produces double the power output of either left or right PowerBar. Since
the irradiation received by the cells is ~ 100 W/m?, the maximum DC power output is only 0.2 W.

The daily energy yield of each PowerBar in a PowerWindow is obtained by integrating the area under the
DC power output versus time curve. This daily energy yield is displayed for the summer, winter and overcast
days in Figure 5.7. For a typical overcast, summer and winter day, a total of =~ 3 Wh, 13 Wh and 5 Wh of
energy is produced respectively. On all the three days, the bottom PowerBar produces the highest amount of
energy. It constitutes of half the energy produced on a typical summer and overcast day.
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Figure 5.7: Daily energy yield of the bottom, left and right PowerBar for a summer, winter and overcast day for a south
facing PowerWindow.

5.2.2. Effect of Orientation of the PowerWindow

This section analyses the performance in terms of both DC power and energy output of a PowerWindow when
it is oriented in different directions in one geographical location. This study is conducted for a typical sum-
mer, winter and overcast day in Eindhoven.

Figure 5.8 displays the DC power output versus the time of a PowerWindow when it is oriented to the
north, east, west and south for the city of Eindhoven.

For a summer day (Figure 5.8 (a)), peak production of the PowerWindow facing south is reached at solar
noon. The east and west facing PowerWindows produce the maximum power in the morning and evening
respectively as a result of their orientation towards the sun at those times. Additional, it can be seen that they
are almost symmetrically opposite to one another in terms their power production profiles. The north facing
PowerWindow, two small bumps are observed in the morning and evening as a result of direct irradiation
present in the north-east and north-west on this day. The PowerWindow produces < 3 W of peak power re-
gardless of orientation.

On a winter day (Figure 5.8 (b)), a similar trend with DC power production profile of the east and west
facing PowerWindows is seen. However, on this day, their peak production is less that than of a south facing
PowerWindow. Although the south facing PowerWindow produces the highest amount of power, the maxi-
mum power produced by it is ® 1 W only. As a consequence of the sun position in the winter months, the
north facing PowerWindow does not receive any direct sunlight and therefore, is limited to a peak power of <
0.25 W due to diffused irradiation.

For an overcast day, all PowerWindows in the four orientations produce the same amount of power and
it is difficult to distinguish their power output individually (Figure 5.8 (c)). This is due to the fact that only
diffused irradiation is present in the sky on this day. There is no clear distinction in the production profile of
especially the north and the south facing PowerWindows since they all produce less than 0.5 W.

The DC energy yield of the PowerWindows oriented in all the four directions for summer, winter and over-
cast days is given in Figure 5.9. The maximum energy produced for an overcast, summer and winter day are
~ 3 Wh, 5Wh and 16 Wh respectively. The west and east facing PowerWindow produce the most energy in
the summer since there is higher irradiation present from the morning to evening and they are oriented to-
wards the sun position (refer to Section 3.2.3). The south facing PowerWindow produces the highest amount
of energy on the winter day since sunlight is available starting from 9 am unlike 5 am on a summer day.
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Figure 5.8: DC power output of a PowerWindow on a (a) summer day, (b) winter day and (c) an overcast day in
Eindhoven.
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Figure 5.9: Daily energy yield of a PowerWindow when placed in on summer, winter and overcast day in Eindhoven .

5.2.3. Effect of Blocking and Bypass Diodes

The effect of different configurations, as described in Section 5.1.3, is evaluated in this section. In order to
understand how these configurations affect the energy yield of a PowerWindow, it is crucial to analyze the I-V
curves of a uniformly illuminated PowerBar. This graph is given in Figure 5.10. It is evident from this graph
that the I-V curves of Figures 5.5 (a) and (b), represented in blue and red lines, are the same. This is because
the bypass diodes are not active when all the cells receive the same irradiation. The current from each Power-
Module flows through the blocking diode and therefore, a tail is observed at the V, . of both these curves. This
tail is a combination of the forward characteristics of the blocking diode and the I-V curve if the PowerBar.
Additionally, the I-V curves of Figures 5.5 (c) and (d), represented in yellow and purple lines, are the same.
Since these configurations have no blocking diodes, there is no tail observed at the V,,.. However, there is a
slight increase in the V, . as compared to the other two cases. The percentage difference of the P, ,, between
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Figure 5.10: I-V curve of a PowerBar illuminated uniformly at 1000W/m? different diode configurations.
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Figure 5.11: Energy yield of a PowerWindow with different diode configurations for a summer day in Eindhoven .

The energy yield of a PowerWindow with the diode configurations for a PowerBar shown Figure 5.5 is dis-
played in Figure 5.11. The energy yield data is in accordance with the result obtained with the I-V curves in
Figure 5.10. Even here, there is a decrease of = 6 % in the energy yield of a PowerWindow in the configura-
tions displayed in Figure 5.5 (a) and (b) with respect to the configurations displayed in Figure 5.5 (c) and (d).
Although bypass diodes do not improve the performance of the PowerWindow, they protect the PowerWin-
dow against different shading conditions the PowerWindow can be exposed to. However, the blocking diodes
reduce the energy yield of the PowerWindow by = 6 % as a result of their forward drop voltage. The best per-
formance in terms of energy can be seen when the PowerWindow has no diodes or has only bypass diodes.
Despite having no diodes, configuration (d) in Figure 5.5 is not the best since it does not protect the PW when
it is exposed to different shading conditions . The same argument holds true for the bypass only (without
blocking) configuration. Thus, the configuration that is performance effective and protects the PW against
different shading conditions seems to be the one with both diodes.
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5.3. Conclusions

The goal of this chapter was to evaluate the effect of different irradiation conditions on, orientation and by-
pass and blocking diodes configurations of the PowerWindow on its daily energy yield. Section 5.2.1 explains
the effect of a summer, winter and overcast day on a south facing PowerWindow in Eindhoven. It was found
that maximum energy the PowerWindow can produce on a typical summer, winter and overcast day was 13
Wh, 5 Wh and 3 Wh. Furthermore, it was concluded that the bottom PowerBar produces almost double the
energy as compared to the left and right PowerBar on those three days. Section 5.2.2 describes the effect of
the orientation of the PowerWindow when it faces in north, south, east and west on a summer, winter and
overcast day in Eindhoven. It was found the energy yield of differently oriented windows was the same for
an overcast day while, it was very different for a summer and winter day. The effect of blocking and bypass
diodes was explained in Section 5.2.3. It was concluded that the most performance effective configuration
that also protects the PW when it may be exposed to different shading conditions is the one with both bypass
and blocking diodes. More research needs to be done in order to correctly estimate the number of bypass
diodes using different shading conditions through optical and electrical simulations, and experiments.



Conclusions and Recommendations

6.1. Conclusions
The goal of this thesis was to model the energy yield of the PowerWindow. This was done by developing a
simple framework involving optical, thermal and electrical models.

It was found that the DC power output is heavily dependent on the type of glass used since this changed
the irradiance incident on the solar cells. It is ideal to use clear glass instead of stripped glass in order to have
a 10 % higher DC power output per PowerModule. Therefore, the anti-NIR coating must not be stripped away
mechanically but instead be cut to a size that does not cover the solar cells under all possible sun paths before
being applied to the PowerWindow. The maximum power that a stripped PowerWindow can produce under
a solar simulator was found to be = 3.5 W.

The PowerWindow consists of three PowerBars that are oriented in different directions, with a tilt of 90°
(left and right PowerBar) and 45°. This resulted in each them having a different time of day in which they
produced power. Self-shading of the PowerWindow was evaluated in terms of the irradiance incident on the
solar cells. It was concluded that the effect of self-shading is only visible in the summer months and affected
only 3 cells for a south facing PowerWindow.

The results from the electrical modelling suggested that the configuration involving both the bypass and
blocking diodes was the best in terms of performance and protecting the solar cells. A loss of 6 % in DC power
output and energy yield was seen as a result of using blocking diodes. However, it was concluded that more
simulations and experiments are needed in order to estimate the correct number of bypass diodes using dif-
ferent shading conditions.

The results of the DC energy yield simulation for a summer, winter and overcast day in Eindhoven was
13, 5 and 3 Wh using the configuration with both the blocking and bypass diodes. It was also found that a
west and east facing PowerWindow generated more energy than a south facing PowerWindow. However, the
south facing PowerWindow produced the most power in the winter. On an overcast day, the PowerWindow
produced 3 Wh regardless of its orientation.

6.2. Recommendations

The focus of this thesis is on the performance analysis of the PowerWindow in terms of its daily energy yield.
Further research can be done in the application of PowerWindow from a photovoltaic system stand point.
It will be interesting to study the yearly energy yield of a building made of PowerWindows in different geo-
graphical locations.

Shading analysis of structures close to the vicinity of the PowerWindow can be taken into consideration

in the optical model. Additionally, this model can be coupled with LIDAR data implemented with Sketchup
or similar tools to include the effect of objects that are far off on the horizon of the PowerWindow.

49
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This thesis employs a relatively simple steady state thermal model to predict the temperature of the solar
cells. A new transient temperature model for the entire PowerWindow, including the glasses, can be devel-
oped using the approach of thermal energy balances via the fluid dynamic method. This study can then
predict the temperatures of every component within the PowerWindow and facilitate in making a new design
of the PowerWindow that leads to a better performing system in terms of energy yield. It can be combined
with the durability and reliability studies to evaluate the robustness of the PowerWindow. Experiments like
accelerated lifetime testing can be performed and analysed. Futhermore, the effect of geography in terms of
the temperature and final energy yield of the PowerWindow can also be researched.

This thesis provides a solid foundation for further electrical design optimisation for the PowerWindow.
Shading analysis coupled with optical modelling, opto-electronic tests and the electrical model developed
on QUCS can help in finding the circuit architecture suitable for best performance of the PowerWindow.
This includes the effect of self-shading and other external shading conditions that the PowerWindow may be
exposed to. Lastly, feasibility studies of a large-scale PowerWindow project can be done the basis of Levelized
Cost Of Electricity and the Return Of Investment.
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