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RESUMO

Dispositivos fotovoltaicos organicos (OPV) tém sido estudados por mais de
30 anos, mas s6 recentemente estdo disponiveis comercialmente. Com a com-
ercializacdo de médulos solares baseados em OPV surge a necessidade de
avaliar seu desempenho em condig¢des reais de uso. Nesta tese foi proposta
a instalagdo de painéis OPV no topo de uma esta¢do de dnibus tubular, que
é um projeto urbano original da cidade de Curitiba. As estacdes de dnibus
tubulares foram criadas na tdltima década do século 20 e, na época, foram
elogiadas por seu design inovador. Nos tltimos anos as esta¢des tém sido
criticadas por falta de conforto térmico e excesso de consumo de energia. A
instalacdo de médulos OPV torna as esta¢cdes mais sustentdveis em termos
energéticos, mantendo o seu design original, visto que os painéis solares sdo
impressos em substrato flexivel. A avaliacdo de desempenho dos médulos
OPV disponiveis no mercado jé foi realizada por outros grupos, mas ndo para
o mobilidrio urbano no sul do Brasil. Nesta tese, o desempenho e a resilién-
cia dos painéis OPV foram avaliados por mais de um ano. Outro aspecto
avaliado foi 0 acaimulo de sujeira nos médulos OPV e o efeito da sujeira no
desempenho dos painéis. Ha extensa literatura sobre o efeito da sujeira em
médulos solares baseados em Si, mas nada em médulos OPV. A medida que
a comercializacdo de painéis OPV aumenta, é importante entender como a
sujeira afeta o desempenho dos painéis e encontrar maneiras de mitigar o
problema. Com uma andlise abrangente da eficiéncia e degradacdo dos mo-
dulos OPV em condigdes reais de uso, esta tese tem como objetivo preencher
uma lacuna sobre o assunto e preparar o terreno para mais pesquisas na area.

Palavras-chave: OPV, mobilidrio urbano, estacdo-tubo, sustentabilidade

urbana



ABSTRACT

Organic photovoltaic (OPV) has been studied for more than 30 years but only
recently it has been commercially available. With the commercialization of
OPV based solar modules comes the need to evaluate their performance in
real use conditions. In this thesis, I proposed the installation of OPV panels
on the top of a tubelike bus station that is an original urban design of the
city of Curitiba. The tubelike bus stations were created in the last decade of
the 20th century and were praised for their innovative design. In the last few
years, the stations have been criticized for lack of thermal comfort and excess
energy consumption. The installation of OPV modules makes the stations
more energy sustainable while keeping their original design as the panels
are printed on a flexible substrate. Performance of commercially available
OPV modules was done before by other groups but not for urban furniture
in the south of Brazil. In this thesis, the performance and resilience of OPV
panels were evaluated for over a year. Another aspect that was evaluated
was soiling accumulation on the OPV modules and the effect of soiling on
the performance of the panels. There is extensive literature on the effect of
soiling on Si based solar modules but nothing on OPV modules. As the com-
mercialization of OPV panels increases, it is important to understand how
soiling affects the panels and to find ways to mitigate the problem. With a
comprehensive analysis of the efficiency and degradation of OPV modules
in real use conditions, this thesis aims to fill a gap on the subject and lay the
ground for more research in the area.

Keywords: OPV, urban furniture, tubelike bus station, urban sustainabil-

ity
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Thesis outline

This thesis reports the efficiency and resilience of commercially available
OPV modules installed over the stainless steel roof of a tubelike bus station
in Curitiba. The bus station that was the object of study was donated to the
university by the Curitiba’s city hall and is located at the Centro Politécnico
campus of UFPR. The work presented here report experiments done between
08/2018 and 11/2020.

Five chapters make up this work. The first chapter brings the motivation
and a brief introduction to OPV. In the second chapter there is a literature
revision on OSC and effect of soiling on PV modules.

The third chapter brings information on the installation of the OPV mod-
ules, the measurements done and also a discussion of the results. The chapter
is divided in four sections that encompass all the techniques and protocols
developed.

In the fourth chapter the main conclusions of the thesis are presented
while in the fifth chapter ideas for future works are listed.

It is worth noticing that the bibliography of this thesis follows the model
proposed by UFPR library. The references follow alphabetical order of the

surname of the first authors.



Chapter 1

Introduction

1.1 Motivation

The 2030 agenda for sustainable development was adopted by all United
Nations (UN) members in 2015. At the core of the agenda are the sustain-
able development goals (SDG) that call all countries for action to guarantee
a prosper and peaceful future for all. The SDGs tackle the biggest challenges
nations have to overcome to guarantee a better future for all. End of poverty,
reduction of inequality, better health and better education are all listed as
essential for sustainable economic growth [50]. The climate crisis and the
preservation of forests and oceans are also issues addressed by the SDGs.
Affordable and clean energy is SDG number 7, this goal has two targets; en-
sure universal access to affordable, modern and reliable energy by 2030 and
increase substantially the share of renewable clean energy in the global en-
ergy mix [49].

The installed capacity of hydroelectric power in Brazil in 2019 was ap-
proximately 110 GW and represents around 70% of the total generation ca-
pacity of the country[44], [48]. Although hydroelectric power generates en-
ergy without carbon emission, the environmental cost of building dams is
high. Another setback of hydroelectric power is the fact that the installed
capacity reduces during dry seasons. The forecast for hydroelectric capac-

ity is that the additions show be significantly lower than in previous years.
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FIGURE 1.1: PV installed capacity in Brazil, font:IEA

The economic crisis plays a role in this scenario but also other energy sources
are starting to get more attention from utility companies, commercial build-
ings and residences. Investment in photovoltaic (PV) energy generation is a
promising way of improving the installed capacity in Brazil while keeping
the energy matrix clean.

The market for PV energy in Brazil is still incipient but it should grow
fast in the next few years, especially if the country manages to overcome the
economic crisis that is taking a toll in most sectors of the Brazilian industry.
IEA forecast for PV in Brazil says that the installed capacity in 2025 should be
about 20 times the capacity the country had in 2017 [23]. In Figure (1.1) Minas
Gerais, Rio Grande do Sul and Sao Paulo are the Brazilian states leading the
initiatives on distributed PV energy in Brazil. Prices of utility-scale energy
are regulated in Brazil by Camara de Comercializagdo de Energia Elétrica
(CCEE), in the last 3 years the government auctions price was lower than the
unregulated market price for utility scale PV energy [13] [23]. This shows

that the Brazilian market is demanding more PV energy.
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With the increased interest in PV energy, the study of different solar tech-
nologies and their performances is necessary to better inform governments
and general public about them. For more than 50 years solar technologies
have been around. The last 30 years saw these technologies dramatically
improve. With lower cost and higher efficiency, PV energy is attractive to
residential and commercial consumers as well as to utility companies. In the
United States in 2010 the cost of PV energy for residential consumers was
28¢, in 2017 the price dropped to 5¢for final consumers [4] .

The efficiency of solar cells improved for all solar technologies. Silicon
(5i) based solar panels have been in the market for decades and are the
most common solar technology. Consumers can find Si based solar panels
with efficiencies around 20% (polycrystalline Si modules) and around 25%
(monocrystalline Si modules), [15] .

Other Si based solar technology are the multijunction cells that have been
around for more than 40 years and acchieve nowadays over 45% in efficiency.
Multijunction solar cells are used mainly to power satellites and spacecraft
because of their high cost [36].

Thin film based solar cells exist since the late 70’s when their efficiency
was less than 5%. Nowadays thin film cells with CGS and CdTe cells have ef-
ticiencies around 24% [36]. Organic photovoltaic (OPV) is a thin film technol-
ogy that is based on organic composites to convert light into electric energy.
In the past 30 years it went from solar cells with an efficiency lower than 1%

in the end of the nineties to 18% in 2020, [36][22], see Figure 1.2.

Organic photovoltaic (OPV) is also a low cost technology and is easy for ar-
chitectural integration as the modules are flexible and can be mounted on
curved surfaces. OPV based panels can be printed on flexible substrates such

as polyethylene terephthalate (PET) and can be produced using roll to roll
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FIGURE 1.2: NREL chart highlighting emerging solar technolo-
gies. OPV efficiency increased rapidly from 2010. In 2020 an
efficiency of 18.2% was reached in lab.
printing [45] - in a process that is similar to the way newspapers are printed.
Because of the facility with which OPV panels can be integrated to urban
furniture we chose these panels to install to install on a tubelike bus station
(figure 1.4) that was designed 30 years ago for the city of Curitiba [38].
Integrate solar technologies is interesting not only because of the impor-
tance to put to test the said technology under real use conditions, but also for
science dissemination. With around 800.000 people passing by the tubelike
stations everyday;, it is hard to think of a better platform to show society an

emerging solar technology in use.

Before the Urban Planning Administration (URBS) decides to install OPV
panels on tubelike stations that integrate the bus rapid transit (BRT) network
in Curitiba, it is necessary to learn how the panels will work out of the lab
environment, (figure 1.3). The main motivation for this thesis was to test OPV
panels on a tubelike station that was donated by URBS. In October 2017 the
station arrived at Centro Politécnico, UFPR campus where the Engineering

and the Physical Sciences colleges are located (figure 1.4). The commercially
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FIGURE 1.3: Map of the bus rapid transit network in Curitiba,
dots indicate tubelike stations, font:URBS
available OPV panels were donated in June/2018 and then installed on the
roof of the station. An electrical project was developed at low cost and the

OPV modules started to operate.

The first measurements on the OPV panels started in August/2018 and
continued for the next 2 and a half years. Those measurements told us about
the efficiency and resilience of the OPV panels. In the next pages I report the

measurements, materials and how OPV panels work.

1.2 Thesis Timeline

The purpose of this thesis is to showcase the use of OPV modules on urban
furniture. Guided by the motivation to make solar technologies available to
the wide public, the project to install OPV panels on a tubelike bus station

was presented to the Engineering and Materials Science graduate program
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§

FIGURE 1.4: Tubelike station donated by URBS at Centro
Politécnico/UFPR. OPV panels installed on the roof of the sta-
tion
(PIPE) . After the project was accepted in March /2017, the next step was to
get a tubelike bus station.

Months of discussion with URBS to have all the legal and logistics as-
pects figured culminated with the tubelike station being delivered in Octo-
ber/2017. The station was installed on the same spot that a former station
was, located at UFPR’s Centro Politécnico campus. The previous station was
an active one, used mainly by the UFPR community. Our tubelike station
was donated to be a research unit, no buses stop by it, it is not an active bus

station (figure 1.5).

A new challenge awaited after the station was in place. We needed com-
mercially available OPV modules. In a dialogue with Sunew, the company
that produces OPV panels in large scale in Brazil, we learned that there was
a company, JSchebly, that would donate a few spare modules that they had

bought from Sunew.



1.2. Thesis Timeline 7

[T
RN gy g O
LR ML Uiy )

P e

S "o *,

FIGURE 1.5: Tubelike station donated by URBS arriving at Cen-
tro Politécnico/UFPR.

It was then time to install the panels and design an electrical system to
have the panels powering the station. The engineer of our research group de-
veloped a hybrid system that would power the station having the OPV mod-
ules as a source during the day and energy from the grid in the night time.
The system also enabled temperature, light intensity and potential monitor-
ing. A detailed description of the system is reported in [46].

With the bus station installed and the electric system working, measure-
ments to evaluate the efficiency of the panels begun. In order to determine
the efficiency of the OPV panels, several measurements to plot electric cur-
rent versus potential (IxV) curves were done both in the dark and under sun-
light. The measurements were done at different temperatures and different
light conditions.

Apart from the IxV plots, an experiment to study soiling effect on OPV
panels was developed. Microscopy and light transmittance measurements
were done in samples under with varying times of exposition to soiling and
different cleaning methods.

The measurements and experiments designed were done to help answer
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the questions of how resilient and how efficient the OPV panels installed
were. Only by answering those questions, it would be possible to develop a
report to help URBS decide whether installing OPV panels on tubelike bus

stations would be a good investment or not.

1.3 General Objective

* The purpose of this thesis is to showcase the use of OPV modules on

urban furniture.
* Install OPV panels on a tubelike bus station.

* Answer the question of how resilient and how efficient the OPV panels

commercially available are.

* Report the results to URBS.

1.4 Specific Objectives

In order to answer questions about the performance and resilience of OPV
modules, there were few steps that had to be taken and protocols for the
measurements also had to be developed. The work was divided in the fol-

lowing stages:

¢ Installation and connection of OPV modules

Evaluation of the electric system

Characterization of the OPV modules installed

Voc and Isc measurements

IxV measurements in the dark for all modules, to gather information

on the degradation of the solar panels
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¢ [xV measurements in the light for all modules, to gather information

on the efficiency and other parameters of the solar panels

¢ Create and and execute a protocol to study how soiling affects on OPV

modules

¢ Patent submission, utility model regarding the use of OPV modules on

urban furniture, the case of the tubelike bus station
¢ Data analysis regarding IxV measurements

¢ Data analysis regarding transmittance and microscopy
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Chapter 2

Literature Review

2.1 Operating principles of Organic Solar Cells

To generate power by the sunlight one should have a material that can ab-
sorb photons and induce charge separation. Then charge carries should make
charge transport to the electrodes that will collect them, [20]. The absorption
of the photon creates an excited state called exciton, this quasi particle dif-
fuses within the material. When the exciton meets an internal electric field
that causes the exciton, that is composed by an electron-hole pair, to sepa-
rate. The opposite charges are then collected in the electrodes. This principle
is similar to all PV cells, the photoactive materials used that are different for
each type of solar cell. It is worth noticing that in Si based solar cells the
excitonic effect is much larger than in OSC.

In organic solar cells, one can find in the active layer an electron acceptor
material and an electron donor. The earlier OSC produced were based on a
single component, later on bilayered and heterojunction OSC became more
common. Fullerene based materials were the main acceptors used in OPV
cells for a long time but recently nonfullerene materials have been success-
tully used in the active layer as electron acceptors, [32].

After incident light generates excitons (electron-hole pairs) at the electron
donor material. The pairs are generated due to electron transitions from the

7t highest occupied molecular orbital (HOMO) to the 77x lowest unoccupied
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Donor

Acceptor

FIGURE 2.1: Drawing representing an OPV cell, sunlight is ab-
sorbed by a photon absorbant polymer. Electron donor layer in
red and electron acceptor in blue.

molecular orbital (LUMO), as shown in (Figure 2.1). The absorption effi-
ciency is linked to to the thickness of the donor material and to the optical

absorption coefficient, [35].The binding energy of the exciton is less than the

gap between the HOMO and LUMO bands (AG < E,y).

Inside the electron donor material the exciton diffuses until recombina-
tion of the exciton does not take place. Dexter electron transfer happens in
short distances (0.2 to 3 nm) while Forster transfer happens in long distance
(3 to 10 nm), [14]. Due to the thickness of the donor material layer, it is ex-
pected that part of the electron-hole pair recombine before the electrons are
transferred to the acceptor material and the holes are collected by the ITO

electrode.

211 Types of OPV cells

As previously mentioned, OPV cells can rely on a wide variety of materials
for electron acceptor and electron donor layers. As the domain sizes of those

layers are on the order of nanometers, excitons with short lifetimes are able
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FIGURE 2.2: Donor materials used in OSC.©Antonio Facchetti

to reach an interface and dissociate because of the large donor-acceptor in-
terfacial area. So, the cell itself does not need separated layers for donor and
acceptor as it has in itself a number of electron acceptor and electron donor
layers within it [42]. Heterojunction solar cells have been built for the past 30
years.

Through the years many different polymers were tested as electron donors
in organic solar cells (OSC). Among the these polymers, those with thiophene
group are commonly used, such as P3HT and those based on benzodithio-

phene terthiophene rhodanine (BTR), [17], [56], [6].

Fullerene based materials were used for many years as electron accep-

tors. Among fullerene based materials, PCBM - phenyl-Cé61-butyric acid
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INIC

FIGURE 2.3: Some nonfullerene acceptor materials used in
OSC.©Zhang et al./ Nature Energy, [57]

methyl ester (C;2H;40,)- has been widely used, [16]. Although the non-
fullerene materials can result in highly efficient OPV devices, they present
lower stability when compared to fullerene based cells as they start degrada-
tion process more rapidly, [10]. In Figure (2.2) the structure of a few donor
materials, including P3HT, is shown while (Figure 2.3) shows the structure
of some nonfullerene acceptors and Figure (2.4) shows the structure of a few

commercially available fullerenes.

The active layer plays an important role in the OSC efficiency and stability,
but there are other factors that affect the efficiency and resilience of an OSC.
Both bulk heterojunction and bilayered devices present advantages and lim-
itations. It is also possible to work with a blend of donor/acceptor plus a

hole transport layer and an electron transport layer, [29], [53]. More recently
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FIGURE 2.4: Fullerene acceptor materials used in OSC.©E.M.
Speller /Materials Science and Technology

quaternary blends with donor-acceptor pairs mixed with donor and accep-
tor components were successfully used to build a device that achieved an

efficiency of 18.03%, [55].

2.1.2 Optical and electrical losses in organic solar cells

In organic solar cells losses can occur in all steps of energy conversion. There
are optical losses such as unabsorbed photons in the air-organic surface. At
the nanostructural scale, excitation transfer might have losses if bimolecular
recombination happens (reducing exciton diffusion yield) or at the interface -
donor /acceptor interface or active layer/electrode interface. Electrical losses
can happen in charge transport when electrons are trapped in defects in the
active layer. These three types of losses affect the efficiency of OSC but there
are ways to reduce them and optimize the cells, [33].

Appropriate thickness of the active layer helps to reduce optical losses. A
layer with thickness around the diffusion length of the exciton allows higher
diffusion efficiency, see Figure (2.5). The limitation that arises is that if the
layers are too thin, the photovoltaic effect risks being reduced, [35]. The issue

of too thin layers was solved with bulk heterojunction solar cells. In the case
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FIGURE 2.5: Design of OSC, while bilayer cells have a thickness
of around 40 nm; bulk heterojunction cells are 100 nm thick.

of those, the main issue is charge carrier losses due to non geminate pair

recombination [20], [51].

The transport of electron and holes through the material is made by charge
carriers. Impurities inside the material and disorder within the material can
trap the carriers as they react with these impurities, such as oxygen. The
carriers can be trapped for a finite or infinite time. If carriers are trapped
for a finite time, diffusion can still occur. When carriers are trapped for an
infinite time then it compromises diffusion and the charge is not collected by
the electrodes. A negligible defect density on the surface might be achieved
with atomic layer deposition process. Then there will be a negligible number
of available dangling bonds at the surface and impurities outside the material
will not migrate to inside the cell or the electrodes, [2]. Trapping of charge
carriers is one of the main causes of efficiency loss in PCBM based OSC, [5].
Mismatch between the HOMO-LUMO energy gap (Eg) and photon en-
ergy causes the excess energy to be dissipated as heat. On the other hand, if
the energy of the incident photons is lower than E,, the photon will not be
absorbed. In Figure(2.6) the energy of the sun is plotted against the wave-

length. In Figure (2.7) the photoresponse of an OSC with an active layer of
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FIGURE 2.6: Solar spectrum, irradiance outside the atmosphere
(in blue) and at sea level (in red), ©Luciano Mescia
P3HT:PCBM is compared to the solar spectrum, an abrupt decay in the pho-
toresponse is observed at wavelengths higher than 650 nm, [27]. The area
between the solar spectrum curve and the photoresponse of the P3BHT:PCBM
cell curve represents energy that will be dissipated as heat. In the area where
the solar spectrum irradiance is below the photoresponse of the cell, the
energy does not reach the HOMO-LUMO gap and the photons are not ab-

sorbed, and the photoresponse sharply decreases.

2.1.3 Parameters in organic solar cells

The power conversion efficiency (PCE) of a solar cell is determined by the
open circuit voltage, V,.; the short circuit current density, Js.; and the maxi-
mum power, Py,y. The open circuit voltage is the voltage developed when
the two terminals of a cell are isolated. When the terminals are connected

together the current drawn is the short circuit current, Isc. The ratio between
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FIGURE 2.7: Comparison between solar spectrum and the pho-

toresponse of a P3HT:PCBM solar cell. The P3HT:PCBM cell

response drops at 650 nm while Si based cell response drops at
1100 nm. ©Nature Photon./Li et al.

the short circuit current and the area of the cell is Jsc. The maximum power
of a characteristic curve corresponds to the point where the product of the
voltage by the current reaches its maximum value, see Figure (2.9). From the
definition of maximum power one can infer that the measurement and plot
the current versus voltage is the characteristic way to extract Py, from the
data. To calculate the efficiency, 77, one should divide the maximum power

by the power of the sun or the incident light (P;;,), [37].

Pmux
= 2.1
=% e
Another electric parameter in solar cells is the fill factor FF, that describes
how square the JxV curve is. The value of the fill factor is associated to
the facility or difficulty to extract carriers from the cell, by trapping and/or

recombination and is given by 2.2.

_ Vi

FF =
Voc]sc

(2.2)
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FIGURE 2.8: Quadrants of the coordinate system used in Figure
2.9 enumerated

The fill factor is related to the efficiency of a solar cell by substituting
Prax = JmVin for ]y Vin = FF/|JscVoc| in (2.2). The efficiency is then given by

_ JscVocFF

D (2.3)

The graphic representation of the fill factor is the ratio between the areas
of the rectangle given by ]V}, and the area of the rectangle given by Js Vo,
see (Figure 2.9). The upper limit of the Py, rectangle coincides with the JxV
curve in the dark, while the values of J;; and V;, are given by the point where
the JxV curve under illumination abruptly changes its angular coefficient,

point where the first derivative is equal to zero.

The behaviour of the JxV curve in the dark changes depending on the
intensity of the current. In a low current regimen, the current density varies
as | « %, where d is the distance between the electrodes. This relation is due
to the electrical properties of the electrode/organic interface, [35]. In a high

current regimen the current density varies according to the Mott-Gurney law,
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Response of a Common Organic Solar Cell
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FIGURE 2.9: JxV characteristic curves of an ideal OSC in the
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as | « ‘;—32. The behaviour of the diffusion current (0 < | < 1.5), is exponen-
tial, (J o« exp %) The different behaviours of the [xV curve in the dark are

represented in (Figure 2.10).

The diffusion current in the IxV curve in the dark has exponential be-
haviour and can be fitted by the equation

1= Iofexp(17) 1 (2.4

Under illumination a photocurrent (I,;) appears and equation (2.4) becomes

qv

) 1= I (2.5)

I = Iplexp(

A phenomenological explanation of the mobility of charge carriers of an OSC
in the dark is explained in [26]. Degradation of OSC can also be observed
looking at JxV curves in different dates. In Chapter 3 a degradation analysis

using JxV curves in the dark is shown.
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FIGURE 2.10: JxV curve in different behaviours. The V2 depen-
dance is reached only when the traps are shallow or there are
no traps. ©Nunzi et al. [35]

Analysing the JxV curve under illumination, it is possible to see that the
curve does not pass through the origin in the first quadrant, see Figure (2.9)
and Figure (2.8), and V' > V;. In the third quadrant the photocurrent ap-
proximates to the short circuit current (] — Jsc), while V' — 0. In the fourth
quadrant the the product of the current by the voltage is always negative
meaning that energy is being produced by the OSC. The value of | gradu-
ally increases until it reaches [, when it starts to rapidly increase, while V

remains almost constant.

2.1.4 Equivalent circuit to a solar cell

The cell can be thought of as a current source where I, is a reverse current
proportional to the incident light in parallel with a diode in the dark, see
Figure 2.11. The voltage when the terminals are isolated - infinite load resis-
tance - is Vo.. When the terminals are connected together the current is the
short circuit current, I;.. If the load resistance has a value between zero and
infinite, 0 < V < V,., and V = Ry I, where R is the load resistance, [35]
[37]. The current delivered by the cell in the dark is that of a diode, given

by equation 2.4. When the device is illuminated the current is then given by
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FIGURE 2.11: Equivalent circuit to an ideal solar cell. The two
circles represent the cell that generates a current I, when illu-
minated. ©Nunzi et al. [35]

equation 2.5. The graphic representation of this circuit is shown in (Figure

2.11).

In a real OSC, the electrode/material interface gives rise to a resistance and
one must also consider the metal resistivity in the electrode. Apart from
those, there is also the resistivity in the bulk material, the more thick the
active layer, more resistive it will be. When these resistances are not ne-
glectable when compared to the load resistance, a series resistance (r;) must
be included in the equivalent circuit. The voltage in the presence of the series
resistance is then

V=Vl (2.6)

Where V; is the tension in the diode. Substituting V in equation 2.5,

V;
1 q ]
I' = Ip]’l — Io[expﬁ — 1]

gV +rsI']
(F—7 )

(2.7)

= Iy — lolexp —1]

where [’ is the current in the diode.
When current leaks through the cell, around the edges of the device for
example, a parallel or shunt resistance must be included in the equivalent

circuit. The ideal situation happens when the series resistance is as small as
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FIGURE 2.12: Equivalent circuit to a real solar cell. The two

circles represent the cell that generates a current I, when illu-

minated. The load resistance is R, the shunt resistance is 7,
and the series resistance is 7;. ©Nunzi et al. [35]

possible and the shunt resistance is as large as possible. The current in the

presence of both resistances is given by

. . qv V:
I'=1Iy—i—ip=ILy— Ilexp(2) —1] — -~
kT sy (2 8)
V +rsl'] VAT '

U =1, — Ilexo( —1
o = lexp(T- I 1 - Y

where V; = V +rsI'.

The equivalent circuit of a real OSC is represented in Figure (2.12). When
the cell presents defects such as porosities on the surface that lead to a leak
current across the whole cell, a second resistor should be added to the equiv-

alent circuit. The effect of this second resistor (r;?), is to cause a reduction on

I’pz
Tpats’

Voc of a factor [35]. In (Figure 2.13) the equivalent circuit with a second

resistor in parallel is shown.

The code we work with at the lab to fit [xV curves tests a model with r,;, and
rp and another one with a second resistor in parallel. The model that gives

the best fit to the data is the one used to calculate the parameters of the OSC.
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FIGURE 2.13: Equivalent circuit to a real solar cell with a second

resistor in series. The two circles represent the cell that gener-

ates a current I, when illuminated. The load resistance is Ry,

the shunt resistance is 7, and the series resistance are r; and 7.
©Nunzi et al. [35]

2.2 Effect of soiling on solar modules

For more than 50 years it is known that soiling can affect the efficiency of
solar modules. Soiling can reduce the efficiency of a module in more than
50% and it can also accelerate the degradation process of the cell. Although
the literature on soiling effect on PV modules is extensive, little is published
regarding how soiling affects organic PV modules and other thin film based
solar technologies. In fact, no literature reference on soiling effect on OPV
based modules was found. The protocols presented in this thesis were based
on existing literature for Si based modules. In this section the literature on
soiling effect on PV Si modules is revised.

The effect of soiling on a PV module is similar to the effect of a shadow.
Different sizes of dust generate different kinds of shadow on PV modules.
Air pollution generates a soft shadow while solid blocks of dust accumulated
on a module generates a hard shadow that completely blocks the sunlight,
[30].

The amount and type of dust in different regions of the globe varies a lot.
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FIGURE 2.14: Dust intensity around the world. Places with
higher amount of dust are darker than places presenting
smaller amounts of dust, in pug/ m3, [18]

For this reason, it is important to know the local conditions in order to un-
derstand how a particular installation of PV modules will be affected by dust
and how it is possible to mitigate such effects, [18]. In Figure (2.14) it is possi-
ble to observe the world map divided in 4 different degrees of dust intensity.
The regions with higher amount of dust have up to 30 times more weight in
dust per m? in the air than the regions with lower amounts of dust. Although
Brazil has continental size, the whole country receives the same qualification
regarding the amount of dust per cubic meter. Of course there are areas in
Brazil that are more affected by dust than other areas, the scale presented in

Figure (2.14) represents the average intensity of dust per country.

The composition of soiling and dust that accumulate on PV modules varies
depending on the surrounding environment. In a big city, for instance, car-
bon based particulate material is common while close to plantations pollen
particles abound. Characterization of soiling accumulated on solar modules
has been the subject of many publications such as [7], [3] and [25]. One of

the factors that characterization of soiling can help elucidate is the adhesion
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FIGURE 2.15: Reduction of solar intensity in presence of dust
of different sizes [11]. Carbon smaller particles block sunlight
more efficiently than limestone larger particles.

of different components to the module. Humidity is another factor that in-
fluences how strongly a component will bind to a surface, higher humidity
means, in general, stronger adhesion, [30]. The size of the particles deposited
on the surface also influences how strongly they will affect the performance

of a PV module, [41] [11] [43].

The thickness of the dust layer accumulated on the surface of a PV panel
also influences how the performance of such panel will be affected. The
thicker the dust layer less sunlight hits the surface of the module and less
energy is converted into electricity, [40]. When it comes to the size of the
particles of the same composition, thinner particles block sunlight more ef-
fectively than coarser ones; causing a greater difference in the performance

of PV modules affected by a thin particle layer. This happens because smaller
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particles get closer together leaving less space in the interface between parti-
cles for the light to pass through.
Summarizing the main factors related to soiling that affect the perfor-

mance of solar panels, we have
¢ Chemical composition of the dust accumulated,
¢ Size distribution of the particles in the dust,
* Density of the dust layer deposited on the surface.

To study the effect of these main factors on the performance of PV modules,
it is necessary to combine different techniques. For instance, measuring light
transmittance through the material that encapsulates the module; scanning
electron microscope (SEM) to determine topography and composition of dust
particles; [xV measurements to check differences in performance of a module
with different amounts of soiling accumulated on it, [8] [25] [41].

Although there is extensive literature on how soiling affects the perfor-
mance of Si based PV modules, little is know about soiling effect on OPV
based modules. As this work accessed commercially available OPV mod-
ules, we understood that the work wouldn’t be complete without accessing
the effect of soiling. Because this thesis will be the basis for a white paper
where the installation, performance and reliability of OPV modules will be
described for Curitiba’s city hall; it was necessary to develop a protocol for
mitigation of soiling on OPV panels. The protocols developed and the tech-
niques used to evaluate soiling effect on organic solar panels are described in

Chapter 3.
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Materials, Methods & Results

3.1 Installation

In july 2018 the OPV modules were installed on the roof of the tubelike bus
station. The application of the OPVs was made on a metallic surface (the roof
is made of stainless steel) and was done according to the presented design.
The OPV modules were ready for installation as they came with an adhesive
coating. Each module has 32 OSC that are connected in series. After the so-
lar modules were installed, the electrical connections had to be made. The
modules were connected two by two in a common conductor, through MC4
connectors, according to the proposed design, forming 14 sets as shown in
Figure (3.1). Each of the module sets ended up with 64 OSC connected in se-
ries (32 OSC in per module). In these sets, the negative terminal of the panel
was connected in series, while the positive terminal, differing slightly from
the project, was connected in parallel through a positive bus bar inside the
distribution board, in order to allow the research and individual evaluation
of each of the 14 panel sets. Since the sets are composed of only two panels
in series and are connected in parallel, there was no need to install bypass
diodes [37]. A picture of the roof with the modules installed can be seen in

Figure (3.2) while the connections can be seen in Figure (3.3).
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FIGURE 3.1: Design for installation of the solar modules made

by ©Sunew. a) Installation design for 14 sets of modules with a

spacing of 90 mm between them and a central conductor with

273 mm width. b) View of a single module that has 32 OSC

connected in series. ¢) Frontal view of the tubelike station with
a section of 2043 mm where the metal roof is placed.

FIGURE 3.2: OPV modules installed on the roof of the tubelike
bus station.




