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This study examines the effects of dust accumulation on the performance of photovoltaic (PV) panels in an urban environment
through 1 month of field experiments. Three PV panels—clean (P1), lightly soiled (P2), and heavily soiled (P3)—were installed on
a rooftop test bed in two configurations: horizontal and latitude-tilted (45° North), using black tar paper and brown cellulose
fiberboard as roofing materials. On the reference day, the panels showed minimal performance differences, with discrepancies of
0.37% in maximum power (P,,,,) and 0.43% in short-circuit current (I,.). However, dust accumulation led to significant power
losses in P3, averaging 23.4% in the horizontal position and 15% when tilted. P2 showed minor losses (1%—3%) throughout.
Thermal monitoring revealed that dust raised the front surface temperatures of the soiled panels, while the clean panel exhibited
the highest back surface temperatures. The greatest temperature differences occurred in the tilted configuration, with a maximum
of 6.03 K on the front surface. Roofing material also influenced thermal behavior, with the black tar paper absorbing more heat than
the cellulose fiberboard. The results highlight the importance of regular panel cleaning and optimal tilt angles to minimize dust-
related performance losses, providing insights for improving the efficiency of PV systems in built environments.
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1. Introduction

Today’s communities endeavor to become economically resilient
and environmentally aware, raising a slogan of sustainability,
which led the countries to agree upon the United Nations
17 Sustainability Development Goals (SDGs), urging the global
adoption of special measures in all sectors [1, 2]. The macro
internal migration, as estimated by Selod and Shilpi [3], is
around 1 billion people, including the rural-urban migration,
while Yildiz et al. [4] presented in their work some figures indi-
cating that around 5 million people migrate monthly from rural
to urban areas in the developing world. This high demographic
dynamism exceeds urban planning, but supports prepared sub-
urbanization and the transition towards a more sustainable

futuristic built environment with a low carbon footprint, ensur-
ing resilience against climate change consequences that would
otherwise be catastrophic to humankind and Mother Earth.
The built environment refers to the human-made sur-
roundings necessary for daily activities, incorporating houses,
suburbs, cities, and their accompanying infrastructure of water,
energy, transport networks, and others [5]. These civilized pop-
ulation centers continuously exhaust natural resources, con-
suming 75% of worldwide primary energy and producing
greenhouse gases (GHGs) that account for 50%-60% of global
emissions [6]. Within the limits of the earlier statistics, the
building functions consume 30% of the global final energy
[7] and 40% of the global overall energy [8]. In Europe, for
instance, the built sector consumes around 40% of the energy
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FIGURE 1: Dynamics in global renewable energy consumption.
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FIGURE 2: (a) BIPV providing a shaded area in Austria. Photo by Bruno Klomfar [22]. (b) BAPV at Universidade Federal de Santa Catarina in

Brazil [23].

production [9], while the sectoral global energy use increased
by 1% in 2022 [7].

The international building investments are expected to
grow in the next 40 years, adding 230 billion square meters
of new construction [10], as this industry is vital for economic
development, weighing 10% of the European gross domestic
product (GDP) [11]. Energy-wise, building operations are
responsible for 26% of global energy-related GHG emissions
[7], but at the same time, account only for 7% of the total
metropolitan emissions, not forgetting to mention that the
growth in GHG emissions from electricity and heat generation
sector is declining because of the more substantial progress in
renewables as an alternative to coal [12]. It has been axiomatic
by now to say that renewable energies are pivotal for emissions
reduction because they have the potential to actualize zero-
energy buildings [13], and their consumption is consistently
developing, as illustrated by the chart in Figure 1, generated
from the data provided by the World Bank [14]. In 2022, the
worldwide renewables installed capacity was 3372 GW, as
reported by the International Renewable Energy Agency
(IRENA) [15].

Among the trendy green power sources, solar energy is
highly dependable in supporting sustainability [16]. A pillar
of solar power utilization is the photovoltaic (PV) technology,
in which the single unit, that is, the cell, directly converts sun-
light into electricity, employing some well-developed semicon-
ductor materials dominated by silicon-based ones [17, 18].
Nowadays, electricity generation by PV systems has become
cost-competitive in many countries [19]. In 2019, the world-
wide installed PV capacity reached 625 GW, accounting for
2.8% of the total electricity generation [20]. According to the
International Energy Agency (IEA), solar PV will surpass coal
by 2027, becoming the largest power capacity in the world [15]
and the only renewable energy technology on track to net zero
emissions (NZEs) by 2050 [21]. Buildings customization with
PV panels has the formations of building-integrated PV
(BIPV), in which the PV system is inherent in the architectural
blueprints of the construction, as shown in Figure 2 [22], and
building-applied PV (BAPV), in which the PV system is an
auxiliary structure retrofitted to the building, as illustrated in
the same figure [23]. BIPV and BAPV have many pros, includ-
ing optimal use of rooftops and facades in urban environments,

85UBD17 SUOWWIOD 9A 81D 3|qedl|dde sy Aq peusenob ae sejoie YO ‘88N JO S9Nl 1o} Akeiqi] 8UlUO A1 UO (SUOTPUOD-pUe-SWLBIALI0Y™A8 | Im AReIq Ul JUO//SdNy) SUONIPUOD Pue SWLB | 84} 88S *[S520z/S0/ST] Uo ArigiTauliuo 48| ‘BIUeA|SURI | BSIelSIBAIUN - Seflod piued Ad ZE602./2/#/SSTT 0T/I0p/woo A8 im Aleiq puljuo//sdny woij pepeojumod ‘T ‘520z *Blt



International Journal of Energy Research

L TP =

FIGURE 3: BAPV in Assiut University, Egypt [30].

proximity of generation to the end user, and the ease of con-
necting to and supporting the utility grid [22, 23]. However,
shading caused by nearby buildings, snow, and dust is the
challenge these arrangements constantly confront [24].

By diverting the attention to dust as an effective PV power
degrader, this powder can be sourced from different natural
and artificial materials such as ash, cement, microfibers, pol-
lens, soil, and soot, increasing the probability of being found in
modern daily life, in particular on surfaces of BIPV and BAPV,
transported by human activities, wind, vehicle movement, and
many other ways [25, 26]. Across the United States, around 43
million tons of dust are annually suspended in the air [26],
while Algarni and Nutter [27] estimated the dust deposition
amounts to be between 1.3 and 73.8 g/m*/month for different
hot-dry major cities in North Africa and the Middle East. Dor-
onzo et al. [28] simulated dust storm scenarios on a suburban
building assumed to be located in the Arab peninsula region
using computational fluid dynamics (CFD) modeling to con-
clude that significant amounts of dust will accumulate in that
construction, and the storm will pass through the suburbs,
reaching the downtown for big cities like Dubai or Riyadh.
Considering dust properties, Farkas and Torok [29] relied on
physiochemical characterization to reveal the characteristics of
dust collected from Budapest’s city center facades. The
researchers used optical microscopy, laser diffraction, and X-
ray diffraction (XRD) methods to find that the dust composi-
tion was overpopulated by quartz, dolomite, and calcite. Also,
there were traces of fly ash and soot in the collected samples.
About the particle size, they found that particles larger than
200 um follow a bimodal distribution [29].

Many studies used experimental and numerical approaches
to investigate the effect of dust on the PV systems mounted in
buildings. Elnozahy, Abd-Elbary, and Abo-Elyousr [30] exper-
imentally examined the impact of natural dust accumulation
on PV panels installed on a flat roof in Egypt, as shown in
Figure 3, to assess manual cleaning and self-cleaning coating
effectiveness in restoring PV performance. The researchers
reported a 35% reduction in the single panel power production
over 5 months, having only 6% efficiency left, which increased
to 9% and 11% for the manually cleaned and coated panels,
respectively [30]. Akter et al. [31] studied the dust deposition
effect on PV modules fixed on the rooftop of a seven-story
building in Bangladesh. The investigations were conducted
for 4 months during the dry season and concluded that the
monthly reduction in short-circuit current (I,) peaked at
22.31%, but improved to 5.52%, with a maximum daily loss
in the harvested energy equaling 35% [31]. Jaszczur et al. [32]

investigated the performance of 15° and 35° tilted PV panels
mounted on the roof of a building in Krakéw, Poland. The
researchers noticed that any tilt moving toward the horizontal
plane contributes to a more significant accumulation of PM2.5
and PM10 in the absence of wind and precipitation. At the
same time, light showers only accelerate the cementation of
the dust cover [32]. Xie et al. [33] conducted an experimental
study based on a PV system with different inclinations and
seasons installed in an urban area of Shenyang City, China,
to evaluate the effect of ash accumulation. The team found
that PV module power decreases as the ash density increases,
different optimal tilt angles per season reduce the dust accu-
mulation: 15° in summer and 60° in winter, and an 18.8%
power loss due to dust presence at a 0° and 1.26% at 60°,
resulting from 2 weeks of no cleaning winter conditions [33].
Sanz-Saiz et al. [34] tested the PV power reduction in Madrid
based on 15 months of dust accumulation permeated by rain-
fall events. The promising use of BIPV and BAPV in Spain
motivated these experimentations. Accordingly, a rooftop test
bench with adjustable platforms was utilized to facilitate the
inspection of glass coupons used as deposition surfaces at two
different inclinations (i.e., 8° and 35°). The obtained transmit-
tance losses (Toss) indicated overall low soiling losses, proven
by an annual average of T}, equaled 1.49% at 8° and 1.04% at
35°, while peaking at 5.13% and 3.89%, respectively, in dry
summer. Interestingly, the researchers showed that the optical
losses from local dust soiling were more significant in the short
wavelengths, stimulating the sensitivity of wide-bandgap PV
technologies (e.g., amorphous silicon) towards the regional
dusting process [34].

On the numerical investigation side, Lu, Lu, and Wang [35]
utilized the SST k-w turbulence and discrete particle (DPM)
models and user-defined function (UDF) inlet profiles to sim-
ulate the wind flow fields and the dust deposition behavior on a
PV system placed on the roof of an isolated building while
facing the wind direction. The researchers’ most significant
results were maximum and minimum deposition rates of
0.28% and 0.13% for 10 and 50 um particle sizes. Chahardoli
etal. [36] conducted numerical research on a virtual low-height
building to assess the effect of different roof designs on the
deposition amounts of 1-40 um dust particles. The team found
that the shed roof with a porch is the layout that collects the
least dust, adapted from the simulation geometry. Lu and
Zhang [37] relied on numerical analysis and CFD modeling
to quantify the effect of dry dust deposition on roof-mounted
PV panels, considering the wind flow, the neighboring build-
ings, and the roof inclination. The researchers found that the
deposition density is proportional to the roof pitch, and for
dust particle size of 1-50 um, the associated panel efficiency
reduction ranged from 0.27% to 5.06% for slope angles of
16.7°-56.3°. Chiteka et al. [38] employed the SST k- turbu-
lence and the DPM models to investigate the dust-soiling
behavior on five rows of PV arrays fixed on the rooftop of a
multistory building. The research team obtained an average
soiling rate of 15.77%, while the rates in the front rows are
greater than the rear ones. Alternatively, Zhang et al. [39]
investigated numerically, employing CFD modeling and the
discrete element method (DEM), the effects of dust
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accumulation in a hypothetical PV system that powers the
railways crossing the northwest desert of China, a public service
area considered one of the pillars of the built environment. The
research team found by simulation that clay particles of 10 pm
had a deposition rate of 4.6%, while sand particles of 100 um
had 32% on a solar panel.

The compelling scientific findings presented above high-
light the urgent need for further studies on dust deposition in
built environments to mitigate its long-term detrimental effects
on PV systems. This paper reports field experiments conducted
on small-scale PV modules mounted on the roof of Colina
Campus at Transilvania University of Brasov. The study aimed
to investigate the electrical and thermal responses of panels
positioned at horizontal and latitude-plane angles, simulating
a typical BAPV system in Brasov. Two roof materials and
colors were selected to closely resemble urban PV setups.

The primary objective is to provide experimental insights
into the impact of dust deposition on BAPV systems in urban
environments. By examining the electrical and thermal perfor-
mance of PV panels under real-world conditions, this research
highlights how panel orientation and roof materials influence
system efficiency. The field experiments provide practical data
relevant for urban applications and can inform effective dust
management strategies. This work contributes to sustainability
efforts by offering benchmark data that can enhance green
building and energy-efficiency standards.

The novelty of this study lies in its real-world experimen-
tation, focusing on conditions commonly encountered in
urban settings. Moreover, while most existing case studies focus
on hot climates, few have been conducted in this region. As
such, the findings could play a crucial role in decision-making
processes related to the adoption of solar energy as a renewable
source for specific applications in the region.

Therefore, the rest of this article is organized as follows:
Section 2 presents the experimental method, Section 3 delivers
the test results and discusses them, and Section 4 concludes.

2. Experimental Method

2.1. Dust Sample. Natural dust, collected from the surround-
ings in Brasov, Romania, was manually applied with a sieve to
the solar panels to assess the impact of dust deposition on their
performance while deployed in a built environment. The dust
was manually applied by scattering specific amounts over the
surfaces of the examined panels. This process of artificial dust
accumulation was maintained throughout the testing period.
Figure 4 displays a sample of this dust [40]. The accumulation
of dust on the PV surface can occur uniformly or nonuniformly
under outdoor conditions, influenced by site characteristics,
dust properties, wind speed, ambient temperature and humid-
ity, tilt angle, and dimensions and material properties of the
surface [41]. However, there is no scientific consensus support-
ing the uniformity or homogeneity of dispersion, as it occurs
randomly in the natural world.

2.2. System Description. The field experiments took place on
the rooftop of a building in the Colina campus of Transilvania
University of Brasov, Romania. Readings were taken on
selected days of clear sky conditions spanning an entire month
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FIGURE 4: Natural dust sample collected in Brasov City, Romania [40].

SPN1
pyranometer

FiGURe 5: Custom-made test bed for solar panels.

between late September and late October 2023. The annual
sum of global irradiation incidents on an optimally inclined
surface in Brasov equals 1400 kWh/m? [42, 43].

In this study, three 18-cell symmetric commercial polycrys-
talline PV modules with dimensions of 20 cm X 20 cm were
mounted on a custom-made test bed. The test bed was
equipped with a DELTA-T SPNI1 Sunshine pyranometer
with an accuracy of 5% (or 10 W/ m?) [44], used to measure
sunlight intensity. Additionally, K-type thermocouples and
necessary wiring connected the panels to the data acquisition
system, as demonstrated in Figure 5. Six thermocouples, with
an accuracy of £1.5°C [45], were attached to the back and front
surfaces of the three panels, as illustrated in Figure 6.

The complete test bed was positioned in two ways: hori-
zontal, with a black tar paper sheet as the roof material beneath
it, and latitude-tilt inclined, with cellulose fiberboard serving as
the roof simulator. Figure 7 displays the two roof materials
under study, while Figure 8 pictures the inclined arrangement
of the dual-axis sun tracker upon which the PV test bed
was fixed.

These two experimental settings represented commonly
available PV systems installed in the vicinity, either inclined
or horizontal, making them suitable to be considered as repre-
sentatives of BAVP systems in the built environment. This
facilitated the analysis of the effect of dust in such conditions.
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FiGure 7: Experimental rooftop flooring: (a) tar paper roof sheet applied on the rooftop floor of the test building and (b) cellulose fiber roof

board placed in a latitude-tilt position on a dual-axis solar tracker.

FIGURE 8: Test setup for the inclined positioning of the PV test bed
on top of the fiberboard.

On the data collection side, an acquisition and control
system based on the National Instruments (NIs) cRIO 9074
8-slot embedded controller [46] and an electronic circuit based
on capacitor technique were employed to record the I-V char-
acteristics, as well as the back and front surface temperatures.
Each set of readings took approximately 3.2 min, consisting of
eight data points with a 24-s interval. Table 1 provides a list of
the NI modules fixed in the controller chassis. For a compre-
hensive analysis of the modules’ accuracies, readers interested
in further details can refer to [47].

Additionally, a capacitor-based dynamic load was con-
nected to the controller to assist in obtaining the -V data.

Taste 1: List of NI data acquisition system parts [46].

Module Description
NI-cRIO-9074 Embedded controller
NI-9227 Current input module
NI-9215 Voltage input module
NI-9211 .

Temperature input modules
NI-9213
NI-9401 Digital input/output (DIO) module

The current and voltage sensors measured the parameters dur-
ing the charging process of the capacitor directly connected to
the PV modules [48]. Finally, a Testo 875-1i manual focus
portable thermal imager with 19,200 temperature measuring
points, thermal sensitivity of less than 50 mK, a measuring
range from —30 to +350°C, and an accuracy of +2°C [49]
was used to measure the front surface temperature. Figure 9
illustrates an image diagram of the full experimental setup [40].

3. Results and Discussion

The experiments spanned 1 month, using September 26, 2023
as the reference day when all three solar panels were clean, and
the test bed was in the horizontal position. The panels are
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FIGURE 9: Schematic design of the experimental system [40].

named as follows: P1 is the clean panel, P2 is the less soiled
panel, and P3 is the more soiled panel, as shown in Figure 5.
This naming convention reflects the amount of dust deposited
on each panel’s surface. Notably, P1 was periodically cleaned to
maintain its initial state, while dust accumulation remained
relatively constant on P3. However, it increased with each
test on P2 before starting to decrease again as the experiments
progressed and the latitude-tilted position experiments began.
All the dust deposition mechanisms mentioned earlier were
artificial, while natural dust deposition occurred daily, but in
negligible amounts. Hypothetically, the electrical performance
and thermal responses of the three PV modules on this day
should be identical, as all the panels were in a clean state. This
hypothesis was confirmed by the test results, which showed
nearly identical I-V curves in Figure 10. Additionally, the
time series curves for maximum power (Pp,,) in Figure 11
exhibit high similarity, with an average interchangeable dis-
crepancy of 0.37% in Py, values between the panels. The
global maximum and minimum values were 2.69 and 2.1 W,
respectively. For the short-circuit current (), Figure 12 pre-
sents three similar time series charts, indicating the cleanliness
of the solar panels, as I is the I-V characteristic primarily
associated with the dust—soiling effect [50]. In this case, an
average interchangeable discrepancy of 0.43% was observed

0.3

Current (A)
<)
s

0.1
0.05
0
0 2 4 6 12
Voltage (V)
— P1 P2

— P3

FiGure 10: I-V curve for the clean PV panels on the reference day.

between the PV panels with global maximum and minimum
values of 0.35 and 0.27 A, respectively.

Concerning the thermal response in these initial conditions
of the experimental work, Figure 13 illustrates the rate of
change of the front surface temperature of the three panels
through time series curves, while Figure 14 depicts the same
rate and curves for the back surface temperature. In this
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FIGURE 13: Front surface temperature vs. time for the clean PV panels on the reference day.

context, the average interchangeable discrepancies were 1.35%
and 2.76% between the panels for the front and back surface
temperatures, respectively, with global maximum and mini-
mum temperatures recorded at 42.5 and 31.7°C.

It can be quickly concluded from the observations based on
the reference day data that the three commercial PV panels have
similar electrical and thermal characteristics. Consequently, the
subsequent experimental results representing the horizontal and

latitude-tilted configurations are reasonably valid for comparing
dust and no dust cases, quantifying the relevant effects, and
drawing conclusions and recommendations.

3.1. Electrical Performance. The I-V curves and characteristics
of each panel resulting from the experiments are detailed in this
subsection to elucidate the dust deposition effect on the three
PV panels in the built environment. In Figures 15-17, which
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illustrate the I-V curves and the rate of change of Py, and I,
for the horizontally positioned solar panel test bed with tar
paper sheet as the rooftop flooring, respectively, observers
can discern the impact of dust on the curves and characteristics.

Minor effects are observable on P2, while significant effects are
noted on P3. Throughout the testing progression, the dust
amounts slightly increased on each experimental day, particu-
larly in P2, establishing an intermediate situation between the
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FIGURE 17: Short-circuit current vs. time for the horizontal PV test bed with some panels covered in dust on September 27, 2023.
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FIGURE 18: I-V curves for the horizontal PV test bed with some panels covered in dust on September 29, 2023.

clean and well-dusted conditions represented by P1 and P3,
respectively. Accordingly, Figure 18 illustrates the -V curves
on a later day than the ones in the above figures, while Figures
19 and 20 depict the P, and I, time series charts for another
different day, respectively.

In the second round of outdoor testing, the PV test bed was
fixed on a dual-axis solar tracker, as pictured in Figure 8, with a
tilt angle equal to the city’s latitude (45° North). A wavy cellu-
lose fiber sheet exactly represented the standard brownish roof-
ing commonly found and used in houses in this Romanian city.
In Figures 21 and 22, the impact of dust on P, and I during
the day is evident, especially in P3. Furthermore, in the subse-
quent day’s test, the time series curves in Figures 23 and 24
reflected similar performances in the presence of dust.

Summarizing the data from different days across the exper-
imentation period, considering the two inclinations of the PV
test bed and the two rooftop flooring materials associated with
each tilt angle, Table 2 details the generated power by each
panel on each experimental day and the dust-related percent-
age losses on the energy produced by the dust-soiled panels (P2
and P3) compared with the clean case (P1). In this table, as dust
amounts were nearly fixed in P3, the well-dusted panel power

losses for all studied inclinations remained almost constant,
quantified at 23.4% on average in the horizontal position and
15% in the latitude-tilted position. Simultaneously, when
observing the second panel, P2, and its performance compared
with the clean situation, minor losses fluctuating between 1%
and 2% are present due to small amounts of artificially depos-
ited dust. At the same time, the gradual accumulation of dust
on panel P2, as previously mentioned, is captured in Figure 25.
The figure shows the normalized maximum power values in
relation to solar irradiance at specific daytime hours over sev-
eral experimental days. These values help illustrate the impact
of dust on the panel’s performance. As the dust builds up
incrementally each day, the resulting power losses, though
small, are detectable and reflected in the curves. As a reminder,
it must be noted that this comparison is made between the
clean panel P1 and the soiled panels P2 and P3, with P1 serving
as the reference. The performance is compared on a daily basis,
not across different days, as the exposure time is not the same
for the selected days.

To quantify the impact of the built environment (i.e., ori-
entation, inclination, roof material, and color) on the power
production of dust-polluted PV panels, the data from the
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TasLE 2: Daily power generation and losses due to dust deposition.

PV panel P1 P2 P3 P1 and P2 P1 and P3
Day Plane Exposure time (h) Generated power (Wh) Percentage loss (%)
September 27, 2023 4.83 674.65 67291 521.87 0 23
October 3, 2023 6.25 973.13 967.59 756.43 1 22
October 4, 2023 Horizontal 5.58 748.59 734.63 568.17 2 24
October 6, 2023 5.50 663.12 648.05 505.23 2 24
October 9, 2023 5.50 694.66 674.62 527.14 3 24
October 30, 2023 . . 3.33 165.71 162.34 140.74 2 15
Latitude tilt
October 31, 2023 6.25 1545.09 1535.40 1317.82 1 15
0.0045 : : :
0.004 R e
'§ 0.0035 EEKEERES R W T TR EREEERE
< 0.003 - - -
z
% 0.0025
£
= 0.002
S
5 0.0015
g
ZO 0.001
0.0005
10:00 AM 11:00 AM 12:00 AM 1:00 PM
Time
—— September 27, 2023 —— October 31, 2023

—— October 4, 2023

FiGure 25: Normalized maximum power vs. time for different days for panel P2.
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FiGure 26: Back surface temperatures vs. time for the horizontal PV test bed with some panels covered in dust on September 27, 2023.

respective table for October 3 and October 31 is analyzed, both ~ position. Additionally, it was observed that all modules produce
having the same exposure time of 6.25h. These cases reveal =~ more power in the inclined position than the horizontal one,
similar power losses when comparing P2 with P1, but anotable  aligning with the fact that solar panels deliver optimal perfor-
decrease in losses when comparing P3 with P1, especially when =~ mance when tilted at an angle equal to the local latitude [51]. It
the test bed transitioned from the horizontal to the tilted  is worth noting that other built environment factors require
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FiGure 27: Back surface temperatures vs. time for the horizontal PV test bed with some panels covered in dust on October 03, 2023.
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FiGURe 28: Front surface temperatures vs. time for the horizontal PV test bed with some panels covered in dust on September 27, 2023.

attention here, including elevation. The test bed was elevated
from the ground in the tilted position, suggesting that gravita-
tional forces might have contributed to reducing losses. Addi-
tionally, the floor sheet color might have played a role, where
lighter colors can indicate more reflected light and less radiated
heat and vice versa.

3.2. Thermal Performance. The thermal responses of the PV
panels mounted in the test bed were monitored by sensing the
front and back surface temperatures using K-type thermocou-
ples, while thermal imaging was employed to consolidate the
obtained temperature readings. As is customary in this
research, the recorded values are presented as time series charts
for different experimental days. The effect of dust on the PV
panels in the horizontal position is evident in both back and
front surface temperatures. In Figures 26 and 27, illustrating
the back surface temperature change over time for two different
days, the clean panel, P1, consistently had the highest temper-
ature. This is expected, as the transmitted heat to the back
surface of this panel is greater than the others with dust layers
on their top, which absorb a portion of that heat energy. Con-
versely, the front surface temperatures, as shown in Figures 28

and 29, are higher for the contaminated modules than the clean
ones, with P3 consistently having the highest temperature, fol-
lowed by P2. Once again, it is reasonable, as the absorbed heat
by the dust layer remains, heating the surroundings that
embrace the front surfaces of the PV panels. This is confirmed
by the thermal image presented in Figure 30, where each solar
panel has two points (the “M” symbol refers to the point where
the temperature was measured) representing its surface
temperature.

It can be observed from the provided figures that the back
surface temperatures are higher than the front surface tempera-
tures, considering the experimental configurations applied
here. This observation could be directly related to the flooring
color, which is black, indicating more heat to be radiated
towards the back surface of the panels. Earlier, the tar paper
sheet, the roofing material, absorbed this heat.

In the inclined configuration, where the test bed was
mounted on a dual-axis solar tracker with a tilt angle equal
to the local latitude, and the roofing material was brownish
cellulose fiberboard, mimicking the roof tiles found in houses
in Brasov city, the same previous observations still hold true. As
demonstrated by the time series curves in Figures 31 and 32, the
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FIGURE 29: Front surface temperatures vs. time for the horizontal PV test bed with some panels covered in dust on October 03, 2023.
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FiGure 30: Thermal image showing front surface and roof floor temperatures of the horizontal PV test bed with some panels covered in dust

on October 03, 2023.

back surface temperature is highest for the clean module, P1.
The same pattern is observed for the rate of change of front
surface temperature, as illustrated in Figures 33 and 34, where
the most dust—soiled panel, P3, exhibits the highest tempera-
tures. Again, the thermal image provided in Figure 35 aligns
with the observations and reinforces the rational results
obtained so far.

However, the back surface temperatures are higher than the
front surface temperatures only in the case of a few dust depos-
its, specifically P2. For the case of a thicker dust cover (P3), the
front surface temperatures are higher than the back surface
temperatures, indicating a neutral effect of the floor color.

Additionally, temperatures of both the back and front sur-
faces of the PV panels are higher in the latitude-tilted position
than in the horizontal one. This aligns with the previously
explained concept that the optimal tilt angle for solar panels
in a fixed position is equal to the local latitude. To summarize
all the data and observations presented in the figures, Table 3
provides numerical values for the daily averaged temperature

differences between the dust-polluted modules (P2 and P3) and
the clean one (P1).

In the horizontal position, the highest temperature differ-
ence is observed for the back surfaces of P1 and P3, equaling
2.36 K, while the lowest difference is noted for the front surfaces
of P1 and P2, equaling 0.64 K for two different days. The global
highest and lowest temperature differences are found in the
inclined position, both occurring on the same day and involv-
ing the front surface. The highest difference is 6.03 K and the
lowest is 0.48 K. Generally, temperature difference values at the
tilted position are higher than those at the horizontal position,
reinforcing the earlier observation of optimal performance in
the latitude-inclined orientation when the tilt angle is fixed.

It is evident from the thermal image in Figure 30 and the
data presented in the following figures that there are expected
temperature differences between the shaded and unshaded roof
flooring, whether the floor is horizontal or inclined, and
whether it is brown or black. Figure 36 shows smaller temper-
ature differences between the shaded and unshaded tar paper
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FiGURE 31: Back surface temperatures vs. time for the latitude-tilted PV test bed with some panels covered in dust on October 30, 2023.
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FIGURE 32: Back surface temperatures vs. time for the latitude-tilted PV test bed with some panels covered in dust on October 31, 2023.
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Ficure 33: Front surface temperatures vs. time for the latitude-tilted

sheet flooring over time, while Figure 37 illustrates larger tem-
perature differences during the day between the covered and
uncovered fiberboard. This observation suggests a potential
color effect on the flooring temperature, as reflected in the daily
average floor temperature difference numbers listed in Table 4.
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PV test bed with some panels covered in dust on October 30, 2023.

The horizontal tar paper roof sheet exhibits smaller tempera-
ture differences, indicating less reflected light and more
absorbed heat. The differences for the brown inclined fiber-
board were slightly more significant, suggesting more reflected
light and less absorbed heat than in the previous setting.
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FIGURE 34: Front surface temperatures vs. time for the latitude-tilted PV test bed with some panels covered in dust on October 31, 2023.

50.4°C
50.0

40.0
30.0
20.0
10.0
0.0
-10.0
-20.0
-30.0
-40.0

-49.4°C

FiGURE 35: Thermal image showing front surface temperatures of the latitude-tilted PV test bed with some panels covered in dust on October

31, 2023.
TaBLE 3: Daily average temperature difference between the PV panels.
Daily average temperature
Day Plane Flooring color Surface difference (K)
P1 and P2 P1 and P3
September 27, 2023 1.77 2.20
Back
October 3, 2023 . 1.47 2.36
Horizontal Black
September 27, 2023 0.64 1.00
Front
October 3, 2023 1.31 2.17
October 30, 2023 1.76 5.12
Back
October 31, 2023 Latitude tilt Brown 1.68 1.79
itude ti row!
October 30, 2023 0.48 6.03
Front
October 31, 2023 1.32 4.30

4. Conclusion

The study investigated the impact of dust deposition on solar
module performance in built environments, focusing on
BAPV panels. Time series analysis of three panels (clean,
lightly dust-soiled, and heavily dust-soiled) revealed reduced

power output and increased temperatures due to dust depo-
sition. The surrounding built environment influenced panel
performance, with higher power losses observed in horizontal
modules compared to inclined ones. Clearly, these losses
include the effect of the inclination itself, as the amount of
incident radiation on the surfaces of the PV panels varies
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FiGure 37: Cellulose fiber sheet flooring temperature vs. time on October 30, 2023.

TasLE 4: Daily average temperature difference between the open and shaded roof floor.

Daily average temperature

Day Plane Roof floor type difference (K)
September 29, 2023 6.32
October 3, 2023 9.63
October 4, 2023 Horizontal Black tar paper sheet 7.72
October 6, 2023 7.2
Qctober 9, 2023 6.48
Qctober 12, 2023 7.25
October 30, 2023 Latitude tilt Brown cellulose fiber sheet 13.08
October 31, 2023 11.53

between horizontal and inclined configurations. Thermal
analysis showed varying temperature differences between
front and back surfaces, with implications for panel efficiency.
Major findings include similar electrical performances on a
reference day, minor discrepancies in power and current
curves, and significant power losses in heavily dusted panels.
These results contribute to understanding BAPV panel
behavior in real-world environments, highlighting the

importance of dust management strategies for solar energy
systems. More detailed major findings are summarized in the
following bullet points:

1. Electric performances and thermal responses of the
panels on the reference day were similar.

2. Time series curves for P, exhibited high similarity,
with an average interchangeable discrepancy of 0.37%
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in values between panels (global max/min values: 2.69
and 2.1 W).

3. Time series charts for I indicated cleanliness, with an
average interchangeable discrepancy of 0.43% between
panels (global max/min values: 0.35 and 0.27 A).

4. Thermal response in initial conditions showed average
interchangeable discrepancies of 1.35% and 2.76% for
front and back surface temperatures, respectively
(global max/min temperatures: 42.5 and 31.7°C).

5. Constant well-dusted panel power losses for P3, quan-
tified at 23.4% on average in the horizontal position
and 15% in the latitude-tilted position.

6. Minor losses fluctuating between 1% and 2% for P2 due
to small amounts of artificially deposited dust.

7. Analysis of data for specific days reveals similar power
losses comparing P2 with P1, but a notable decrease in
losses comparing P3 with P1, especially when transi-
tioning from horizontal to tilted position.

8. In the horizontal position, the highest temperature dif-
ference was observed on the back surfaces of P1 and P3
(2.36 K), and the lowest on the front surfaces of P1 and
P2 (0.64 K on two different days).

9. In the inclined position, the highest and lowest temper-
ature differences occurred on the same day for the front
surface (6.03 and 0.48 K, respectively).

10. Generally, temperature difference values in the tilted
position were higher than in the horizontal position,
supporting the earlier observation of optimal perfor-
mance in the latitude-inclined orientation.

11. Observation suggests potential color effect on flooring
temperature, reflected in daily average floor tempera-
ture difference numbers in Table 4.

This work presents an insightful case study rather than a
comprehensive research study, with several limitations. The
experiments were conducted over just 1 month, which might
not fully capture the impact of seasonal variations on dust
accumulation and panel efficiency. Additionally, the study
was restricted to a specific location in Brasov, Romania, and
involved only a small number of PV panels. As a result, the
findings may not be applicable to different geographic or cli-
matic conditions. The dust application was also not perfectly
uniform, and the roofing materials used—black tar paper and
brown cellulose fiberboard—were specific to the experimental
setup. Moreover, only two panel orientations were tested, and
although the measurement equipment was accurate, it may
have influenced the results.

To address these limitations, future research should extend
the duration of studies to include seasonal variations, explore
diverse locations, and assess a broader range of PV technolo-
gies. Advancing monitoring technologies, such as Internet of
Things (I0Ts) sensors and artificial intelligence (AI), could
enhance real-time monitoring and predictive maintenance of
PV systems. Additionally, investigating the economic implica-
tions of dust-related power losses and the broader environmen-
tal benefits of improved PV performance would be valuable.

International Journal of Energy Research

These research directions aim to provide a deeper under-
standing of PV system performance under various conditions,
ultimately leading to more effective dust management strate-
gies and better utilization of solar energy.

Nomenclature

I Current

Vi Voltage

I-V:  Current—voltage

I:  Short-circuit current
P Maximum power
Abbreviations

BAPV: Building-applied PV
BE: Built environment
PV: Photovoltaic

Units

A: Current

V: Voltage

W: Power

°C: Temperature

K: Temperature difference.
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