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Abstract. Renewable energy sources and pollution have a direct effect on each other. Solar
panels development could enhance the adoption of green energy sources and contribute to a
cleaner environment. Today's third generation organic photovoltaic panels (OPVs) offer good
efficiency, low fabrication costs, and can be produces rapidly using slot-die coating methods.
These advantages make OPVs increasingly attractive for broadening solar energy consumption.
Therefore, related studies are being conducted to achieve this goal. This study aimed to
evaluate real-world performance of OPVs in polluted air by testing a fully slot-die-coating OPV
module in Tehran'’s polluted environment, specifically at four air quality control stations. The
results showed a power conversion efficiency (PCE) of 6.3% under standard test condition
(STC) and maximum power output of 0.189 W in 5x6 cm module, which include ITO/PET, PE],
P3HT-PCBM, PEDOT-PSS, and AGNW layers. Testing in polluted environment revealed a
significant dicrease in current and maximum power (Pmax) due to reduced sunlight reaching
the module’s surface. Pmax dropped to 0.0229 W at least polluted site in Masodieh Street and
to 0.0173 W at the most polluted site in Shahr-e Rey Street.
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1. Introduction

The development of green energy sources is increasingly valuable for energy production,
particularly in addressing the pollution problems associated with fossil fuels and enhancing
sustainability development (Heeger, 2010; Liang et al., 2010). By generating electricity through
solar panels, air pollution can be reduced, contributing to a healthier environment. Unlike other
energy sources, such as gas power plants and fossil fuels, solar power plants do not require water
to produce electricity (Syam, 2023). Continue reliance on non-renewable energy sources like fossil
fuels may eventually lead to natural disasters. Utilizing solar energy reduces dependence on non-
renewable resources and helps maintain a healthy and intact planet.

The increase in pollutants and carbon compounds from non-renewable sources in the
atmosphere has led to various adverse effects on human health (Falkowska, 2016). Solar energy
can help reduce carbon emissions and ultimately mitigate the effects of global warming. However,
the output power of a solar panels may decrease due to pollution on the module’s surface, with
this decrease quantified by a reduction factor related to air pollution. The extent of power
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reduction due to pollution varies by climate and is particularly significant in highly polluted areas,
such as large cities. For example, pollution can reduce solar panel efficiency by approximately 3-
5% (Serenelli et al., 2023). The concentration of airborne particulates reduces the light that solar
panels can capture, and these particulates have the greatest effect on reducing the output power
by contaminating the surface of solar panels.

The production of solar electricity in developing countries is presents a major challenge,
because air pollution is an uncontrollable environmental issue in this region, and the cost of
regularly cleaning solar panels is often not economically feasible.

The process of generating electricity in a solar power plant is completely ecological and does
not produce pollutants that harm the environment. Among renewable and non-renewable
sources, solar energy is considered one of the most efficient. Solar power plants are generally
categorized into two main types: solar thermal power plants and solar photovoltaic (PV) power
plants. These power plants consist of interconnected solar cells that absorb sunlight and generate
direct electric current (DC) electricity due to advancements in solar cell technology. Solar panels
are connected in parallel, forming strings that are linked to a current inverter (Mahamat &
Margoum, 2020). The inverter converts the DC from the solar cells into alternating current (AC).
This energy is then directed to a transformer, where the voltage and current intensity is adjusted,
allowing energy to be transmitted to consumption centers through power grid lines.

Air pollution, especially in urban areas, can significantly affect the efficiency of solar panels.
Therefore, the impact of pollution on solar panels should be considered during their design. An
increase in air pollution concentration can significantly reduce the performance characteristics of
photovoltaic panels. For example, the efficiency of monocrystalline silicon panels decreased by
37.74,55.87 and 66.61% under different levels of pollution compared to clean air conditions (Rao
& Dubey, 1990). The corresponding values for polycrystal panels were 25.70, 51.49 and 58.05%,
respectively (Jenkal et al., 2023). In this research, the efficiency of organic photovoltaic (OPV)
panels in polluted sites in Tehran was recorded.

Using green energy sources like solar PV panels offer greater flexibility in energy production
while contributing to a cleaner environment. However, pollution can negatively impact the energy
production of OPVs panels (Kim et al., 2007). As third generation solar panels, OPVs are emerging
as a promising green energy technology, offering advantages over conventional solar panels, such
as silicon panel and CIGS panels, which are made from inorganic materials (Y. Li et al., 2018). OPVs
use polymer materials that are more accessible, and their fabrication processes are less expensive
and easies to operate compared to traditional methods like sputtering and co-evaporation
(Brabec, 2004).

Lower efficiency of OPVs compared to inorganic solar panels is more significant challenge,
even beyond the panel’s longevity in environmental conditions (Hong et al., 2013). The
disadvantages of OPVs are affected by the materials and methods used in the fabrication (Hoth et
al., 2007). The absorption, conductivity, and durability of the materials are crucial for achieving
higher efficiency and longer operational lifespans, Additionally, the spesifics of the fabrication
methods can significantly escalate process quality (Krebs et al., 2009). In this study a slot-die
coating method was employed using an indium tin oxide/polyethylene terephthalate (ITO/PET)
substrate, with Polyetherimide (PEI) as Electron Transport Layer (ETL) and Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate: Polystyrene sulfonate (PEDOT:PSS) as Hole
Transport Layer (HTL). The PV2000:PCBM blend serves as photoactive layer, and Anisotropic
Grayscale Nanowire (AGNW) was used as the top electrode, all fabricated using the slot-die
method to achieve a flexible OPV with a 20 cm? active area. This method is recognized as a simple
and cost-effective approach, utilizing readily accessible materials commonly used in other tests of
OPVs.

The efficiency of OPVs is significantly affected by solar irradiation and temperature (Carlé &
Krebs, 2013). Most research is conducted under standard test condition (STC), which include a
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solar irradiation of 1000 w/mz2, a temperature of 25°C, and a standard pressure of 1.5 AM in a
controlled laboratory environment. However, this conditions often differ significantly from real-
world environment, and active area used in tests is typically much smaller than in actual operation
(Jayakrishnan & Shouri, 2014). Lower irradiation levels decrease output power and particularly
affects short-circuit current (Isc), while open-circuit voltage (Voc) remains close to STC results
(Garluna, 2022). Another important factor is temperature; at higher temperature (above 25°C),
the Voc decreases, although the open-circuit current (Ioc) remains close to STC values.

A reviewing of researches on OPVs technology clearly shows that enhancing efficiency is a
primary goal (Moonen etal., 2012). Researchers have explored various material combinations and
methods to achieve significant advancements in this field (Mazzio & Luscombe, 2015). In one
study, a slot-die coating method was used to fabricate OPVs, resulting in a Power Conversion
Efficiency (PCE) of 7.5%, with the top electrode applied via vacuum evaporation (Chang et al.,
2019). In another study, Liu et al. (2022) tested a slot-die coating method for preparing AGNW
transparent films on PET substrates, yielding promising results for large-scale applications as top
electrodes in OPVs. Several studies have concluded that using full slot-die coating and roll-to-roll
processes for large scale OPV fabrication can produce good PCEs (Tsuchiya et al., 2010), although
the achieved efficiencies remain relative low.

The impact of solar irradiance on PCE is an essential factor in assessing OPV performance,
particularly under cloudy and rainy conditions, as reduce irradiance clearly lead to lower
efficiency (Hallum et al., 2023). In this study, a full slot-die coating process was used to fabricate
all layers of OPVs using the same printable method, aiming to produce flexible OPVs with lower
production costs. Additionally, real-ambient tests were conducted in the polluted air of Tehran to
analysis the effect of irradiance on PCE. The scale of this study was limited to an active area of 30
cm?, with dead area neglected.

2. Material and method
2.1. Experimental

The basic substrate, made of ITO/PET, was fabricated using the radio frequency (RF)
sputtering method, with a thickness of 0.176 mm and 75% transparency, and flexibility. This
substrate was used to coat ETL, photoactive layer, HTL, and top electrode. The substrate’s
flexibility, conductivity, and good transmittance, as studied by researchers (Leong et al., 2020),
made it ideal for this application. The transmittance curve, shown in Figure 1, indicates about 80%
transmittance.

Before coating, the substrate was pre-cleaned using acetone, Isopropyl Alcohol (IPA),
detergent, and deionized water in ultra-sonication process. The cleaned substrate was then ready
for the ETL layer, which was made using Polyethylenimine (PEI) polymer. The PEI was coated
with at a speed of 2 m/min in a preheated substrate at 120 C° for 10 min, achieving a 40 nm thick
ETL layer.

Next, the photoactive layer was formed on the ETL using a blend of Poly(3-hexylthiophene) -
[6,6]-Phenyl-Cg;-butyric acid methyl ester (P3HT-PCBM) (Hu & Gesquiere, 2009). P3HT and
PCBM mixed in 1 mg/ml dichlorobenzene at a ratio of 1:0.8 to create slot-die coating ink, with all
materials purchased from Merk. The slot-die coating process for the Photoactive layer was
performed at a speed of 1-1/5 m/min with coating gap of 0.15 mm on the preheated ETL layer at
60 C°, resulting in a 150-200 nm thick P3HT-PCBM layer.

The HTL was made of Poly(3,4-dimethylphenylthiophene) (PCDOT)-PSS, also purchased
from Merck. The solution was prepared by dissolving PCDOT-PSS in Isopropanol (IPA) at a ratio
of 1:2. The final ink was coated on the preheated proactive layer at 70 C° with a speed of 0.5 m/min
and coating gap of 0.15 mm for 3 min, then dried at 120 C° to reach a thickness of 150-200 nm.

The top electrode layer, composed of AGNW, could be processed via vacuum evaporation.
However, in this study, the slot-die coating method was used to achieve an 40 nm thick top
connector layer (X. Li et al., 2023). To form the final layer, 10 mg/ml AGNW was dissolved in 8 mg
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hydroxypropyl-methyl-cellulose, 1 mg/ml Zonyl Fso-100, and 10 ml deionized water, mixed for 1
hour to create the ink solution of top electrode. Coating was performed on the preheated HTL
layer at 45 C°, with a speed 5 mm/s and a solution charge rate of 1 ml/min, then allowed to air-
dry. The slot-die coating machine was equipped to deposit five cells, each 1 cm wide and 6 cm long,
with adequate measurement facilities to monitor thickness, speed, and drying conditions
consistently. Pneumatic pumps were used to supply the ink solution into the injection space.
Figure 2 shows the organic module structure used in this study.
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Figure 1. Transmittance of ITO on glass and PET substrate (Leong et al., 2020)
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Figure 2. The OPV's energy band and structure

2.2. Methodology

The operation of a fabricated OPV module was evaluated at four air quality monitoring
station in Tehran city, Iran. The sites were selected based on pollution levels, population density,
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wind speed, and topography, resulting in the choice of locations in the north, east, center, and
south of Tehran to test OPV parameters and power output (Yousefi et al,, 2019). The air quality
index (AQI) pollutants measured included Particulate Matter 2.5 (PMg2s), Particulate Matter 10
(PM1o), Sulfur Dioxide (SOz), Nitrogen Dioxide (NO;), Carbon Monoxide (CO), and Ozone (O3).
These measurements were taken under identical conditions to record the OPVs maximum current
(Im), maximum voltage (Vm), short-circuit current (Isc), and and open-circuit voltage (Voc). The
parameters were obtained using a Prova-1011 solar panel meter. Solar irradiance was recorded
at temperatures between 7°C and 13°C at each test station using a DT-1307 solar power meter
(measured in w/m?2). The tests were conducted on January 2, 2024 in Tehran. Table 1 shows the
Environmental Protection Agency (EPA) Air Quality Index (AQI) standards used in this study.

Table 1. Air pollution index based on EPA (www.EPA.gov/enviroatias)

Air Quality Index Levels Numerical Meanin
of Health Concern Value 5
Good 0 to 50 Air quality is considered satisfactory and air pollution

poses little or no risk

Air quality acceptable; however, for some pollutants there
Moderate 51 to 100 may be a moderate health concern for a very small number

of people who are unusually sensitive to air pollution

Everyone may begin to experience health effects, members
Unhealthy 150 to 200 of sensitive groups may experience more serious health
effects

. Health warnings of emergency conditions. The entire
Ve Gl e lidiyy 201-300 population is more likely to be affected

301 to 500 Health alert: everyone may experience more serious health

The module parameters were analyzed under STC with an irradiance of 1000 W/m?2, an air
mass (AM) of 1.5, and temperature of 25°C, using a solar simulator chamber (Garluna, 2022). The
performance results in polluted environment were evaluated based on current (I), voltage (V),
current density (]), fill factor (FF), power conversion efficiency (PCE), and power parameters.
Additionally, UV-Vis-NIR spectroscopy (Shimadzu, UV-3600 Plus) was employed to determine the
absorption of Bulk Heterojunction (BH]) layer using the Incident Photon-to-Current Efficiency
(IPCE) measurement method. MATLAB was also used for plotting and analyzing the data.

3. Result and discussion
3.1. Slot die coating result

This experiment utilized a common BH] layer OPV to demonstrate the effect of solar
irradiance, particularly in polluted air conditions. The OPV was fabricated on an 10T/ PET
substrate with over 75% transparency and flexibility. The device comprised with four layers: an
ETL made of PEI, a BH] layer made of P3HT-PCBM, a HTL made of PEDOT-PSS, and a top connector
made of silver nanowires (AGNW). The layers were deposited using a die coating technique, where
the coating ink solution was prepared and applied accordingly.

The OPV module was analyzed under STC and showed a promising PCE of 6.3% over an active
area of 30 cm2 The module’s dead area was disregarded to achieve a five-cell module with
dimensions of 5x6 cm2. The STC results demonstrated the following parameters: FF of 65%, Isc of
71 mA, Voc of 4.1 V, Im of 48 mA, Vm of 3.9 V, (Short-Circuit Current Density) Jsc of 2.36 mA/cm?,
and maximum power (Pmax) of 0.182 W, as shown in Table 2.

During the coating process, the BH] layer required greater precision due to the low viscosity
of the solution, leading to slower coating and drying speeds to achieve the desired PCE (Ganesan
et al., 2019). To analyze the BH] layer made of P3HT-PCBM, UV-vis spectroscopy (Najafi et al.,
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2021) was conducted at a substrate temperature of 60°C, showing regular absorption curves that
indicate crystallization and drying effects from the die coating process at a speed of 1- 1/5
mm/min. Although the results are not directly comparable to inorganic modules like CIGS flexible
panels (Mufti et al., 2020), the fast fabrication process, low material costs, and efficient methods
make this OPV more favorable than CIGS modules. Figure 3 shows fabricated OPV in Flexible form
with a 30 cm? active area (including the dead area) comprising five cells of 1x6 cm on a 10 cm?
ITO/PET substrate.

Figure 3. Fabricated OPV in flexible form and 30 cm?

Table 2. Standard condition results

Pin Isc Jsc Vm o o
(w/m?) Voc (v) (mA) (mA/cm?) ) Im (mA) Pmax(w) PCE% FF%
1000 4.1 71 2.36 3.6 52 0.189 6.3 65

3.2. Air quality control station data analysis

Four air quality control stations in Tehran were selected based on topography, wind speed,
and pollution levels to ensure a diverse set of data on air pollution and its impact on solar
irradiance. The station chosen were Ponak station (north), Sharif station (center), Masodieh
station (east), and Shahr-e Rey station (south). The The temperature during test period, conducted
between 11.00 am and 1:00 pm, ranged from 7°C to 13°C, which was lower than the standard 25°C.

High polluted levels were observed for PMzs and PM1o compared to other pollutions. The
results were classified according to EPA’s color-coded AQI to represent air quality conditions and
visibility ranges, both of which directly affect solar irradiance consequently lower the efficiency
of the OPV module.

Figure 4, based on data from Table 3, illustrates the recorded pollution levels and
corresponding solar irradiance (Pin) at each station. The figure clearly shows an inverse
relationship between AQI and Pin, indicating that higher pollution levels lead to lower output
power, which negatively impacts the OPV efficiency.

Table 3. Four air quality control station data

St/Data PMzs PM10 SO NO:2 03 Cco Pin
(pg/m?) (pg/m3) (png/m3) (pg/m3) (png/m3) (pg/m3) (w/m?)
Masodieh st 85 99 129
Ponak st 86
Sharif st

Shahr-e Rey st

SUSTINERE: Journal of Environment & Sustainability, Vol. 8 Number 2 (2024), 182-192 187



AQl(pug/m3) & Sun irradiance(w/m?2)

Masodie st Ponak st Sharif st Shahre-Rey st

180
171

160 187

140

126, 129
120
. 147
112 410
100 ) 103
85 36 B
80
60
53
40
20 2
3 5
¥ i 4
0
PmM2.5 Pm10 502 No2 03 co Pin

Figure 4. Pollution index recorded in stations and irradiance pin

3.3. Discussion

Using the DT-1307 solar power meter, solar irradiance was recorded at station, and
simultaneously, the panel parameters were obtained with the Prova-1011. The data shows a clear
inverse relationship between increasing pollution levels and decreasing solar power, as expected.
The highest power was recorded at Masodieh station, where 129 w/m? was measured,
corresponding to about 13% of the power received under STC. This occurred under a yellow AQI
status, with PMjglevels at 90 pg/m3.

A noticeable decline in Isc, Im, Voc, and Vm was observed due to the reduction in incoming
solar power. Although a slight decrease in PCE was also noted, the FF remained constant,
indicating linear changes in current and voltage. A reduction in solar power to 117 w/m? at Ponak
station (with an AQI of PM;;5 at 126 pg/m3) and 110 w/m? at Sharif station (with an AQI of PM3s
at 157 pg/m3) led to further decreases in current and voltage, all of which exhibited gradual, linear
changes.

The most significant decrease was recorded at Shahr-e Rey station, where the AQI for PM;s
reached 171 pg/ms3, and solar power dropped to 103 w/m2, which is close to 10% of the STC power
in laboratory conditions. The results clearly indicate that PM is the most effective pollutant in
reducing the voltage and current (V-I), with the changes being linear when temperature is below
25°C. The data shows a slight change in voltage but a significant change in current, aligning with
expected outcomes.

While the PCE changes slightly and may be negligible in large-scale applications, Pmax
exhibits substantial changes, showing a direct relationship between Pmax and the solar power
input (Pin). Another important factor is the visibility range, based on the EPA index, and its impact
on solar power quality, which warrants further investigation.

The complete results are presented in Table 4. Figure 5a-b show the Current-Voltage curves
for each station and their respective air quality, vividly illustrating the direct relationship between
irradiance and input power, and the maximum power outpur compared to the STC curve.
additionally, Figure 5c-d-e display the Current Density-Voltage curves under STC and real
irradiance conditions, and the IPCE-Absorbance curve as a function of wavelength, which was
obtained through spectroscopy for the BH] layer.
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Table 4. Module operation data in air pollution

Pin VoC Isc Jsc Im
(w/m?) ©)  (mA)  (mA/em?) VM v) ma) P (w) PCE% FF%
129 3.60 9.70 0.32 3.55 6.45 0.0229 5.91 64.9
117 3.58 8.80 0.29 3.55 5.80 0.0206 5.86 65.0
110 3.58 8.07 0.27 3.54 5.30 0.0188 5.69 64.8
103 3.55 7.40 0.24 3.50 4.82 0.0173 5.60 64.8
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Figure 5. Current Voltage curve in a-STC and b-Real Condition in air pollution, Current Density Voltage Cure
in c-STC and d-Real condition of air pollution, e-IPCE-Absorbance-Wavelength curve of P3DT-PCBM
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The figures clearly illustrate the experimental results, demonstrating regular and expected
changes consistent with similar research and established theories. Based on absorbance theories
related to electron operation effects on the conductivity and efficiency of deposition materials, the
OPVs performance indicates increased absorbance and efficiency across various wavelengths.
This suggests that the OPV is approaching a high-quality standard, as evidence bu the successful
outcomes of experiment.

4. Conclusion

Organic solar panels, as part of third generation photovoltaic technologies, require further
research and experimentation to enhance their efficiency and stability. However, they are
increasingly becoming a common energy source due to their lower costs and ease of fabrication
using methods like slot die coating method for producing relatively efficient OPVs and tested them
in a real air polluted environment to evaluate the impact of pollution on performance parameters
and efficiency. Four air quality control sites in Tehran were selected, and pollution data were
analyzed alongside recorded OPV operation data. The results indicated a direct effect of air
pollution, particularly PMs pollution, on OPV parameters such as current and maximum power
(Pmax), primarily due to the reduction in solar irradiance. To mitigate this issue, STC for PCEs
should be improved, as this would provide a more accurate assessment under polluted conditions,
even at lower irradiance levels (below 1,000 w/m2) while maintaining a temperature at or below
25°C.
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