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a b s t r a c t

The photovoltaic device's economic and environmental merits have made it the most suitable clean
energy alternative to help developing countries achieve the SDG-7. However, the low efficiency of the
device, which is undergoing massive study across the globe, there is another omnipresent factor, such as
surface soiling that has a deleterious effect on a solar cell's performance, which is influenced by wind
speed/direction, humidity and temperature. This study investigates the impact of dust on four PV types
(Monocrystalline Silicon, Polycrystalline Silicon, Cadmium Telluride and amorphous Silicon) in a city
with two large commissioned and one massive solar farm under construction considering wind, hu-
midity, rain, temperature and dust particles under extreme conditions. Low iron glass coupons were also
exposed in seasonal, monthly, and annual categories to determine optical losses, soiling rates, and
deposition mass. Accumulated dust particles on the surface of the coupon were subjected to SEM/EDX
imaging to identify the deposited minerals' morphology. The findings reveal a massive performance
decline due to soiling on all exposed modules with a most significant ISC decrease recorded about 73% on
a-Si and least about 65% of the Si modules in one year without cleaning and a total of seventeen months
exposure. The outcome shows significant losses recorded, where a yield loss of 78.3% and efficiencies
decline of 78% for amorphous Si, 77% and 77% for cadmium telluride, 70% and 71% for polycrystalline and
68.6% and 71% for the monocrystalline Si module. A wide variation of performance losses was recorded
between months and seasons in 2021, and the dry season presented the most alarming rates. The optical
loss results validated the above output performance losses with a similar trend. The particle charac-
terisation reveals that mineral particles > PM10 size with opaque and translucent morphology were the
main constituent of dust formation on the examined coupons. It is recommended to study various
mitigation techniques and use the correct one in an optimal cycle, which is cost-effective, which could
restore and maintain the installation's optimal efficiency.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The Sustainable development deadline is fast approaching, and
developing nations are striving to achieve the various goals,
particularly goal 7 (affordable and clean energy for all), by allo-
cating more resources to incorporate enough renewable energy in
the supply mix. Solar energy conversion devices have been
encouraged to substitute the convention non-sustainable energy
harvesting systems [1] due to economic merit (its rapid price
decrease) and environmental merit (emission) [2]. The continuous

increase in fossil fuel price and its environmental impact is
apparent [3,4], and solar photovoltaic devices appear to be the
promising clean energy source among renewable energy technol-
ogy. Making it the considerate solution since it aligns with SDG-7
[4] because it is affordable, easy installation and continual main-
tenance, zero pollution, and can reach isolated regions.

Sometimes when the photons are emitted, only a tiny percent-
age reaches the solar cell because it could be transmitted, scattered,
attenuated, absorbed, or reflected by the airborne particles or
material accumulated on the surface covering the PV cell, such as
dust [2]. The ratio of light intensity that passes through a material
to the light intensity that passes without any disturbance is known
as light transmittance [5]. Areas within the global Sun Belt with the
abundance of solar irradiance seems to suffer high concentration of
atmospheric dust [6], and this environmental condition dust has
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been identified as the prime degrading factor that causes a dele-
terious effect on the performance of the PV, particularly in the
desert, arid and semi regions such as Nigeria [7,8]. This degradation
varies with location and exposure time [9,10], making it extremely
difficult to determine a generic global soiling rate, stimulating
regional research.

There is no uniformity in the soiling rate since it depends on the
number of variables such as climatic condition, installation orien-
tation, season (dry or wet), duration of exposure (daily, weekly,
monthly or yearly) and region human activities. The impact of
soiling on PV performance has been extensively studied in the last
two decades [11]. However, some part of the mentioned region has
received less attention over the years. The soiling rate is site-
specific, and this was proved in research conducted by [12],
where daily soiling rates were determined for 20 different sites in
the USA. Furthermore, Micheli and Muller [12] stated the annual
losses of regions such as the United States were reported with a
range from 0 to 6%; meanwhile, the PV soiling data rate is not
readily available in the regions categorised as highly polluted re-
gions such as Nigeria. Some findings of outdoor soiling experiments
that recorded significant losses are provided in the literature since

outdoor soiling losses were reported to range from as low as 0.5%
reduction of PV yield [13] to about 63% [14]. Fouad et al. [4] re-
ported rates of publication related in percentage considering the
factors researchers are focusing onwith 50% on environmental, 35%
on installation, 20% on PV systems, 18% on PV system degradation,
and 5% on cost.

A number of omnipresent factors such as wind, rain, tempera-
ture, humidity, and particles are categorised as environmental
factors that significantly influence dust accumulation on PV sur-
faces [7]. These variables influence soiling interdependently and
synergistically affect the system; therefore, to predict PV soiling in a
region, there is a need to consider and investigate all. The wind is
reported to have influence when its velocity is strong and capable
of removing particles on the PV surface and cooling it. It has a
negative influence when it triggers dust from the various surfaces
to the PV module. Said et al. [15] reported that wind promotes the
transferring and dispersing of dust particles in the atmosphere,
leading to increased PV surface deposition. Humidity and temper-
ature were reported by Touati et al. [16] to influence dust accu-
mulation on PV surfaces, where a performance loss of about 50%
was recorded within eight months in Qatar. Ramli et al. [17]

Nomenclature

S(l) Relative spectral distribution of solar radiation
T (l) Spectral transmission
Dl Change in wavelength
Pout Power output
tclean Transmittance data of clean coupon
tx Transmittance data of an exposed coupon on an

unknown angle
Dtx Change of transmittance data of an exposed coupon

on an unknown angle
nm nanometre
mm micrometre
A Current
V Voltage
Pmax Maximum Power
Pmpp Power at maximum power point
Impp Current at the maximum power point
Vmpp The voltage at the maximum power point
ISC Short circuit current
VOC Open-circuit voltage
W/m2 Watt per metre square
mg/m3 micro gram/meter cube
A The active area of the PV module
G Incident solar irradiance
h Efficiency
Dh Change in efficiency
PR Performance ratio
E Actual incident radiance
Prated Power output under STC
rd Mass of accumulated dust on a coupon's surface
Massðclean couponÞ Mass of clean coupon
Massðsoiled couponÞ Mass of soiled coupon
FF Fill Factor
OC Degree centigrade
NOM Nominal
STC Standard test condition

Abbreviation
a-Si A-Si

AQI Air Quality Index
BSE Back Scattered Electron
CdTe CdTe
cm Centimetre
DNI Direct Average Irradiation
DHI Diffuse Horizontal Irradiation
EDX Energy Dispersive X-ray
GHI Global Horizontal Irradiation
GHIopta Tilted Irradiation at an Optimum Angle
GSA Global Solar Atlas
IV curve Current and Voltage Curve
kWp kilo Watt power
kW kilo Watt
kW/MW kilo Watt/Mega Watt
LT Local time
m metre
MHz MegaHertz
MOhm MegaOhm
MW MegaWatt
mm millimetre
mm micrometre
NIR Near Infra-Red
nm nanometre
NO2 Nitrogen oxide
NFC Near-Field-Communication
O3 Ozone
Pout Power out
PM10 Particulate Matter 10
PM2.5 Particulate Matter 2.5
PV Photovoltaic
PV curve Power and Voltage curve
SDG Sustainable Development Goal
SE Secondary Electron
SEM Scanning Electron Microscope
STC Standard Test Condition
USB Universal Serial Bus
UV Ultra-Violent
VIS Visual
XRD X-ray Diffractometer

Y.N. Chanchangi, A. Ghosh, H. Baig et al. Renewable Energy 180 (2021) 874e892

875



reported the effect of dust accumulation on a PV module consid-
ering the Indonesia's environmental conditions. Their finding
shows a reduction of 10.8% of PV performance in two weeks due to
soiling being influenced by 52.24% humidity. Their outcome also
reveals a PV performance reduction of 40% with a relative humidity
of 76.32% during a rainy condition. Chanchangi et al. [18] reported
the influence of dust property in dust accumulation and how it
leads to PV performance losses. Their findings show losses depends
on particles morphology and chemical composition, with the most
significant losses of about 98%. Jamil et al. [19] reported variation in
how particle sizes significantly accumulate on PV surface and cause
performance losses with smaller particles (<1 mm diameter)
settling faster than more significant sizes (5 mm diameter).

Adinoyi and Said [20] reported a 50% loss of PV performance
caused by dust accumulation over six months of exposure without
cleaning in the Eastern region of Saudi Arabia. Emziane and Al Ali
[21] reported 84% of optical losses from exposed coupons in the
Saudi Arabian desert. These two results are from the same region,
yet some differences were recorded, confirming that soiling is
explicitly site-specific. Mejia and Kleiss [22] reported soiling losses
averaging from 0.051%/day in the region of California, USA. In
contrast, Kimber et al. [23] reported about 1.5e6.2% annual losses
in California. Zorrilla-Casanova et al. [24] observed a daily loss of
4.4% in Spain and predicted the rate could increase to 20% during
the dry season. Whereas, Piliougine et al. [25] reported 12.5% ISC
degradation during summer in Spain. Both types of research were
conducted in the same region of southern Spain city of Malaga.
However, the variation has been recorded, which shows the
importance of determining the various region's soiling.

Sanusi et al. [26] reported a 20% reduction of the a-Si module's
performance in Northern Nigeria during the Harmattan for two
months in 2006 and 2008. Dajuma et al. [27] reported a 12.46%
power loss in Niamey and related reduction to weather and dusty
condition in West Africa. Bernard et al. [28] reported a 28.7% PV
performance reduction and relate the loss to dust accumulation
caused by the Harmattan season. All these findings were related to
the Harmattan season alone, which adversely affected Northern
Nigeria, but none of the studies provided an annual soiling rate and
pattern for the region. Minimal soiling studies were reported from
sub-Saharan Africa, even though the region has high solar energy
potential and is significantly affected by sandstorms, harmattan
dust atmospheric pollution due to its proximity to Sahara Desert.
The Nigerian government has invested vast amounts of money to
commission two solar farms (1 MW and 7.1 MW) [29,30] sited in
the Northern Nigerian city Kano based on the immense solar irra-
diance potential in the region throughout the year. Significant
discrepancies between actual and predicted regional soiling have
been observed [31]. Javed et al. [11] recommended that it is
essential to understand the cause of PV performance degradation
due to soiling as a function of certain input variables. Therefore, it is
imperative to investigate the soiling rate of a regionwithmillions of
pounds in investment in PV installation and recommend the
appropriate mitigation technique that would uphold the invest-
ment and show the prospective investor the potential of the in-
vestment across the globe.

Few of the studies mentioned above presented soiling research
in sub-Saharan Africa, a region that lies within the Sun Belt and has
a significant amount of irradiance and extreme weather and envi-
ronmental conditions. This study investigates the effect of dust
accumulation on the performance of four PV types in a region with
high solar energy potential, a wide gap between energy supply and
demand, incoming massive PV investment. Module's performances
were initially determined under STC (standard test condition) and
then exposed to external conditions in a region with a high atmo-
spheric dust pollution rate. The site's meteorological parameters

were collected to allow a detailed analysis of how various condi-
tions on dust accumulates on the PV surface, which could impact its
performance. Furthermore, glass coupons were also exposed,
considering the time variation to determine the accumulation rate
and identify particle morphology. The study investigated the level
of soiling effect in the region, considering time variation and
identify when most performance losses are encountered so that a
regular frequency for a suitable, cost-effective cleaning technique
would be determined.

Climate change is a global phenomenon; all regions need to be
carried along to promote renewable energy development in its
energy generation and reduce emissions. Research and develop-
ment of renewable energy technology, particularly solar PV, should
be extended to all regions, especially those with high demand and
significant deficits. The study was conducted in a region with a
significant energy supply deficit and striving to invest a massive
percentage of its annual budget towards renewable energy to
create immense opportunities and widen the global solar PV mar-
ket. Although soiling on PV is widely investigated, the topic is still
relatively unexplored in a region requiring immediate attention,
such as this study's location and since the PV soiling rate is
location-related. It is imperative and remains a prerequisite to
investigate and report soiling losses across the region, leading to
identifying a cost-effective yet appropriate mitigation technique to
sustain PV performance at optimum yield. This study provides
valuable first-hand information that could stimulate research more
comprehensive research across the PV soiling community and sci-
entists at large. The results would provide data that could be used
to estimate periods when soiling is causing PV performance and
efficiency decrease across sub-Saharan Africa, and the data could be
used to determine the type and frequency of mitigation required.
The findings would entice prospective stakeholders and govern-
ments in other regions to be comfortable investing in the sector,
knowing full well that investment could last longer and yield profit
as long as the soiling rate and appropriate optimum mitigation
approach are determined. The following section of this paper
contains detailed procedures and methodology used in the study.
Section 3 presents the findings of various experiments, with Sec-
tion 4 providing a thorough analysis and discussion of outcomes
followed by a conclusion.

2. Method

2.1. Site

The old site of Bayero University Kano is the home of the first
1 MW solar farm in Northern Nigeria belongs to an institution, and
Kano state (11�59002.100N, 8�28052.500E) is the business capital of
Northern Nigeria, and it is the most populated city in the region
with a population of about 13,999,000 in 2020 [32]. Kano was
carefully selected for this research since it has high solar potential
[33], very high AQI (air quality index) [34] and is the only location
with an institution having a working MW solar farm (with the
capacity of 1 MW) in the region at the beginning of the study. GSA
[33] provided the following data: where direct normal irradiation
(DNI) is estimated to be about 1518 kWh/m2, global horizontal
irradiation (GHI) is about 2126 kWh/m2, diffuse horizontal irradi-
ation (DHI) is about 1005 kWh/m2, and the global tilted irradiation
at an optimum angle (GHIopta) is about 2188 kWh/m. The terrain
elevation is about 489 m with a 12� optimum angle, and 180�

surface orientation was obtained from Waziri and Usman [35] and
Abdullahi et al. [36]. Fig. 1 presented the horizon and sun path
generated using PVSyst software and was modified to highlight the
region's sunrise and sunset for various months.
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2.2. PV types

Monocrystalline Silicon, Polycrystalline Silicon, Cadmium
Telluride, and amorphous Silicon were the four types of employed
PV modules for the experiment. Ratings of each module are shown
in Table 1 below. Furthermore, the modules vary in size. The a-Si
(amorphous silicon) module has the most expansive PV area with
130 cm � 110 cm and the highest rating, followed by the CdTe
(Cadmium Telluride), about 120 cm � 60 cm. However, mono-
crystalline (mc-Si) and polycrystalline (pc-Si) Si modules have the
same dimension of 102 cm� 70 cmwith about the same rating. The
result from the initial laboratory PV performance measurement
was recorded using the PASAN software. It was analysed with
Microsoft Excel to plot the graph in Fig. 3 to establish a baseline for
optimum performance of all the PV modules at various irradiance
levels. Fig. 2 provide the schematic illustration of the outdoor
measurement setup used for data collection of the four installed
modules.

In addition to the above installed, the performance of a 1 MW
solar farm in Kano designed using 3080 pc-Si modules, with each
having Pmax (maximum of power) of about 325 W, was analysed. It
has been configured in parallel mode with 20 modules making a
string, 11 strings going to an inverter, 14 inverters making the total
output. A single module's characteristics are Vmpp (voltage at
maximum power point) is 37.6V, Impp (current at maximum power
point) is 8.66A, VOC (open-circuit voltage) is 46.7 and ISC (short
circuit current) is 9.10A. The performance data was used to
demonstrate the effect of soiling on PV performance in considering
seasonal variation. This installation was only used to highlight the
massive soiling losses in the study region and show the

effectiveness and suitability of the maintenance technique
employed for the region.

2.3. PV yield measurement

2.3.1. Initial laboratory PV yield measurement
The PV modules were subjected to initial measurement using a

PASAN flash Solar Simulator (A þ A þ Aþ) at the University of
Exeter solar laboratory, where series of light attenuation masks
were deployed in the simulator to vary the irradiance level from
1000W/m2 to various levels (700 W/m2, 500 W/m2, 400 W/m2,
300W/m2, 200W/m2, and 100W/m2). The flash generator HighLight

LMT (largemodule tester)machine generates the to power the flash
box, which emits a light pulse to an exposed module, and the
HighLight electronic load (IV-Tracer) applies a voltage ramp and scan
the device under test, synchronise and response to full IV curve
during the flash. A monitor cell allows measuring the effectiveness
of irradiance and the temperature. The PASAN electronic load
synchronised the measurement output from the device under test,
the irradiance and temperature from the monitor cell, displayed
through PASAN measurement systems software.

The light attenuation masks are optional devices essential in
establishing the modules' performance at reduced irradiance levels
(lower than 1000 W/m2), particularly when determining energy
yield; therefore, six masks were employed one after the other to
determine the yield performance of the various modules under
different irradiance levels.

The inputs are determined using equations that estimate the
maximum slope the device could tolerate under test since the
simulator uses split flash. The following equations were used to
determine the input values for the PASAN PV module and cell
measurement software:

The start voltage was determined by employing a negative value
for direct modemeasurement. The usual typical value used is either
(- 3 V) or (- 4 V), and the positive value of a reverse mode mea-
surement is applied to determine it using Eq. (1) below.

Positive Start voltage ¼ Voc
1 þ 20%. (1)

where VOC is the open-circuit voltage.
For the end voltage, the positive start voltage is employed as the

direct mode measurement, and Eq. (1) is negative for the reverse
mode measurement.

The maximum positive current A is determined using Eq. (2)
below, and the maximum negative current is the corresponding
minimum negative current value of the device under test.

Maximum positive current (A) ¼ ISC þ 5%. (2)

where ISC is the short circuit current.
The VOC series resistance regression starts current of the PV

module A is the first point of linear regression on the current and
voltage graph (IV curve), and the value is determined by Eq. (3).

¼ Impp
2 /3. (3)

where the Impp is the current at maximum power.
The VOC series resistance regression end current of themodule is

the last point of the linear regression on the current and voltage
graph (IV curve) which is typical ¼ 0.

ISC series resistance regression starts voltage of the module is
the first point of linear regression on the current and voltage graph
(IV curve) determined by Eq. (4), and ISC series resistance regression
end voltage is the last point of linear regression on a graph which
is ¼ 0.

Fig. 1. Sun path and Horizon line with an elaborated sketch highlighting sun avail-
ability in Kano, Nigeria (11�59002.100N, 8�28052.500E).

Table 1
Summary maximum output characteristics of all the PV modules at standard
condition.

Parameter Value

PV Type pc-Si mc-Si CdTe a-Si

Pmax 100.7 W 108.97 W 79.431 W 135.85 W
ISC 8.95 A 9.2 A 1.02 A 2.28 A
VOC 15.459 V 15.84 V 118.3 V 88 V
Impp 8.32 A 8.626 A 0.88 A 1.98 A
Vmpp 12.109 V 12.626 V 90.459 V 68.747 V
h 14.3% 16% 11% 9.4%
Active area 0.703764 m2 0.703764 m2 0.72 m2 1.43 m2

Test Condition 1000 W/m2, AM 1.5, T ¼ 25 �C
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Fig. 2. Schematic illustration of all exposed modules, PV200 and Survey R, and weather station installation with various components, including data collection/analysis procedure.

Fig. 3. IV and PV characteristics showing the optimal capacity of (a) pc-Si module, (b) mc-Si module, (c) CdTe, and (d) a-Si at various irradiance levels under standard conditions.
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¼Vmpp
3 /2. (4)

All the results obtained from the initial measurement are pre-
sented below in Fig. 3 and Table 1. These values allow establishing
the module's maximum capacity at an absolute irradiance under
standard conditions, which would help identify the soiling losses
caused due to outdoor exposure.

2.3.2. On-site initial PV yield measurement
The initial in-situ measurement was conducted by employing

the PV200 and Survey 200R. These are handheld IV (current and
voltage) tracing devices used in PV installation and PV yield per-
formance measurement developed by Seaward. The PV200 mea-
sure VOC and ISC, Impp, Vmpp, and FF (Fill factor). While the Survey
200R employs a photovoltaic reference cell to measures the real-
time irradiance, utilise two temperature sensors to measure PV
back and ambient temperature, uses a compass to determine the
optimum tilt angle, and inclinometer for surface orientation. The
reference cell is attached to the PV module during measured and
removed afterwards and was always cleaned every other data
collection day with a glass cleaner to provide better accuracy. In
addition, irradiance data were also collected using three more
photovoltaic reference cells on-site, where two are permanently
installed at the end of the solar farm (East and West). The
remaining source was from the weather station that was installed
beside the modules. The Survey 200R was calibrated once during
the study, but the weather station was calibrated after every storm.

The two devices (PV 200 and Survey 200R) communicate with
each other using a wireless signal, where data on the Survey 200R
are transmitted and stored in the PV200, which could be down-
loaded using a USB cable to a computer device or using NFC (Near-
Field-Communication) to a mobile device. The device was
employed to conduct an hourly measurement from sunrise to
sunset, highlighting the PV module's outputs considering irradi-
ance at various times of the day. The measurement was conducted
on 27 July 2019 at the solar farm old site campus of Bayero Uni-
versity Kano, Nigeria. The results of this measurement are pre-
sented in the result section.

2.3.3. Monthly PV yield
The monthly PV yield measurement was conducted using the

PV200 and Survey 200R; performance output data are collected
weekly and occasionally bi-weekly. The data obtained were ana-
lysed using the SolarCert software and measurement where the
highest radiance was selected for each month, and the results were
presented, showing an IV curve for various months. This is because
modules were cleaned after the first five months to start an annual
reading from January 2020 to January 2021. Soiling affects the ISC
since accumulated particles could block the absorption of photons.
The measured ISC recorded on all the modules was converted to ISC
under the STC (standard test condition) and presented later. The
conversion was achieved by employing the SolarCert software.

Optimal performance values were automatically generated
during the initial state as earlier presented. The outdoor real-time
performance measurement was recorded weekly, aggregated and
presented as a monthly outdoor measurement. The efficiency was
determined using Eq. (5) and Eq. (6) provided by Kalogirou [37],
Hachicha et al. [38], and Mekhilef et al. [2]. Gupta et al. [3] stated
that PV system efficiency significantly depends on solar radiation
getting to solar cells. Therefore, it is imperative to determine PV
efficiency losses using the parameters recorded during a series of
experiments. ISC, VOC, FF, Imax, Vmax, and Pmax were all recorded
during all relevant experiments.

hmax ¼
Pmax

Pin
¼ ImppVmpp

AGt
(5)

Or

h¼ Pmax

A � G
� 100% (6)

where Impp represents the current at the maximum power point,
Vmpp is the voltage at the maximum power point, A is the active
area of the PV module, and G is the incident solar irradiance. Then
Eq. (7) was employed to determine the outdoor efficiency losses.

Dh¼ hClean PV � hSoiled PV
hClean PV

� 100% (7)

Furthermore, the performance ratio was determined using Eq.
(8) to Eq, (11) provided by Gostein [39] based on IEC 61724e1
Edition 2.

PR¼ Yf
.
Yr (8)

where Yf is the final system yield (kWh,kWp�1), Yr is the reference
yield (kWh,kWp�1), and the equation is further explained using
Eq. (9).

¼ ðEout = P0Þ
.�

Hi

.
Gi;ref

�
(9)

where Eout is the energy output from PV system (kWh), P0 array
power rating (DC) (kWp), Hi is the actual incident radiance
(kWh,m�2), Gi;ref is the reference value of the solar irradiation
intensity (kWh,m�2). The equation is further expanded to Eq. (10).

¼
 X

k

Pout;k �tk

P0

!, X
k

Gi;k �tk

Gi;ref

!
(10)

where Pout;is the measured output power (AC), tk is the energy
recording interval time, and Gi;k is the measured value of solar
irradiation intensity. When P0 is moved the unit ¼ kW-h/kW-h in
Eq. (11).

PR¼
 X

k

Pout;k �tk

!, X
k

P0 � Gi;k �tk

Gi;ref

!
(11)

2.4. Optical losses

Fifteen 50 mm � 50 mm x 4 mm low iron glass coupons were
deployed to obtain monthly, seasonal (dry and wet) and annual
optical losses from the experimental site. All coupons were
returned to the solar laboratory at the University of Exeter at the
expiration of their exposure period and were subject to optical
transmittance measurement by employing PerkinElmer Lambda
1050 UV/VIS/NIR spectrophotometer. A clean, low iron glass
coupon was initially subjected to this measurement, followed by
the exposed coupons. This is to re-establish the optimal light
transmittance level of a low iron glass and to be able to determine
the percentage optical losses of the soiled coupons that were
exposed. Since the various PVmodules exposed response in various
wavelength ranges, a coupon was subjected to measurement from
200 nm to 1200 nm to accommodate UV (ultraviolet), VIS (Visible),
and NIR (Near Infra-Red) transmittance. Data were analysed using
PerkinElmer UV WinLab software and the UV WinLab data
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processor and viewer, then saved in an excel worksheet. Eq. (12)
below was used to calculate the data obtained from optical scan-
ning. The PerkinElmer device comes with a size capacity and
mobility limitation. It could only scan about 20 mm2 and cannot be
exposed for outdoor study, but handheld spectroscopy devices are
recommended for a similar study. Other alternatives are deploying
dust sensors or multiple modules on-site, where some could be
regularly cleaned to compare the uncleaned module.

tsolar ¼
P1200nm

l¼200nm SðlÞTðlÞDlP1200nm
l¼200nm SðlÞDl

(12)

where T (l) is the spectral transmission, Dl is the change in
wavelength and S (l) is the relative spectral distribution of solar
radiation.

Furthermore, the degradation of coupons was calculated using
Eq. (13). A percentage difference was obtained by comparing the
optical data of each soiled coupon and a clean coupon. These values
are used as the estimated possible soiling occurring for each month
in the studies' site. A transmittance graph against wavelength
presents the results in the subsequent section of this report.

Relative change
�
DtxÞ ¼

ðtclean � txÞ
tclean

ð%Þ (13)

where D is the change, tx is transmittance data of a coupon posi-
tioned at an angle relative to a horizontal surface, tclean is the
transmittance data of a clean coupon.

2.5. Mass of accumulated dust

The soiled coupons were weighed to determine the mass of
accumulated dust using the Mettler Toledo ME204 sensitive scale.
The exposed coupons were initially weighed, and the record was
documented; then, every couponwas washed with liquid soap and
hot water, dipped into a beaker filled with acetone, dried with a
hand dryer, and weighed again. The transmittance of each washed
coupon was rechecked after the second measurement to ensure
particles were removed entirely. The values of the mass obtained
during the first and the second weighing were used in determining
the weight of accumulated dust on every coupon using Eq. (14).

rd

�
g
.
m2
�
¼ rArdCðg=mm2Þ � 106 � rACðg=mm2Þ � 106 (14)

where rd is the deposited dust density, rArdC is the area density of
a soiled coupon, rAC is the area density of a coupon after cleaning
(clean coupon), and 106 is the conversion factor of g/mm2 to g/m2

since the coupon's area is 50 � 50 mm.

2.6. Particle characterisation

Particle characterisation was conducted on a soiled coupon,
where the coupon was initially carbon coated by employing Emi-
Tech K950 carbon coating machine to ensure that a fine conduc-
tive metal layer is placed on the samples. This layer inhibits
charges, improves the required signal of secondary electrons, and
reduces any possible thermal damage; overall, it usually enhances
the sample imaging. The coupon is then subjected to the imaging
scan using SEM (Scanning Electronic Microscope) Quantal FEG 650
equipped with an EDX (Energy Dispersive X-ray). The EDX graphs
provided elements that make amineral, and the datawere analysed
using online databases (webmineral.com, mindat.org and minerals.
net) to identify the type of minerals and their characteristics. This
study focused and investigated only the diaphaneity of the

identified elements as its main characteristic that could influence
light transmittance.

Siemens D5000 diffractometer was employed for the XRD
experiment to validate particles recorded from SEM/EDX charac-
terisation and the PM data analysis. The device details are provided
in Table 2. Smear samples preparation were carefully conducted by
transferring a smear sample from the exposed glass coupons to a
sterile vial using stainless steel stapula. A clean round glass slip
(18 mm diameter) was placed on a tissue with the matte die up. A
small amount of sample was added to the glass slip using a stapula
(which covered the slip's centre). Three drops of ethanol were
added using a disposable pipette to form a flattened paste at the
centre of the glass slip. The ethanol was allowed to evaporate for
the smear to dry naturally. A tweezer was employed to lift and
transfer the glass slip into a diffractometer grey plastic holder
(50 mm � 50 mm plate with 20 mm diameter circle at the centre),
and the X-ray measurement was conducted for scintillation
counter, and results were interpreted using EVA v.18.0.0.0.

2.7. Weather data collection

Mekhilef et al. [2] stated that wind velocity, humidity, and dust
operate together to influence soiling, and none of them should ever
be missed or isolated when investigating dust accumulation on PV.
Therefore, a Maplin professional weather station was installed at
the experiment site with the capacity to record temperature, hu-
midity, wind speed and wind direction, pressure, rain, solar radi-
ation, and UV.

The weather station provided a large amount of data, but the
mainweather variables requiredwere temperature, humidity, wind
speed and direction, rain and solar radiation for this research.
Monthly averages of these data were illustrated in Fig. 4 to analyse
weather influence on dust accumulation on PV modules. As
mentioned in the literature review, weather conditions such as
wind and rain were reported to negatively and positively influence
dust accumulation and were further discussed later.

2.8. Site AQI

The air quality index of the experiment site was obtained from
the Air Plum lab and employed to validate the monthly and sea-
sonal optical losses recorded on the coupons, the dust accumula-
tion on the PV surfaces and the minerals observed during the SEM/
EDX analysis. Tanesab et al. [40] demonstrated that the concen-
tration of airborne particulate matter and weather conditions are
directly related to dust deposition, adhesion, and its removal pro-
cess. Table 3 below illustrates the primary pollutant and their
concentrations in Kano, Nigeria, considering seasonal variation.

Table 2
XRD Siemens D5000 diffractometer set-up parameter.

XRD Siemens D5000 diffractometer

X-Ray Tube 1.5 kW, Cu-anode
kV & mA 40 kV, 30 mA
Wavelength 1.5406/1.54439 (Cu Ka1/2)
Detector Scintillation point detector
Div. Slit V6 (variable, 6 mm)
AntiScatter Slit (same as above)
Scan Type q/q locked
Scan Range 2e70 �2q
Step Size 0.02 �2q
Scan time 1 s/step
Scan Rotation Yes
Interpretation software EVA v.18.0.0.0.
PDF Database JCPDS PDF-2 (2004) database
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3. Results

3.1. PV output performance

This section presents the experimental results of the various
research assessments of PV performance from the initial on-site
test for the monthly measurement during outdoor exposure. The
optical loss results are illustrated to validate PV performance
reduction and highlight the accumulated dust mass on each
coupon. It further outlines the mineral particle deposited on the
coupon during the exposure. The performance results are depicted
in Fig. 5 to Fig. 11 and Appendix A - Table 1 to Appendix D - Table 4
in the appendices section of this paper, with brief highlights of
some significant outcomes presented in the text.

3.1.1. Initial on-site measurement
The initial on-site measurement is to re-establish the perfor-

mance of the modules after transportation. It is to find out if the
device has any invisible issues such as crack. The measurement
results in Fig. 5 show that ISC at different irradiance are good, and
the solar cell cells respond accordingly compared to the laboratory
measurement shown in Fig. 3. However, the VOC results recorded
slightly decreased due to the higher temperature being more than
the 25�C used for standard condition testing. The pc-Si module
yielded the expected output at shows a FF of about 74 at sunrise.
However, it produced the maximum output when the irradiance is
about 931 W/m2, and the ambient temperature is about 32�C,

where Pmax is about 74 W, ISC is 8.19 A, Impp is 7.55 A, VOC is 13.8 V,
and Vmpp is 9.8 V. The lowest output recorded on the device was
when the irradiance is reading 0W/m2, and ambient temperature is
about 30.5�C, where Pmax is about 2W, ISC is 0.28 A, Impp is 0.21, VOC
is 12.3 V, and Vmpp is 10.3 V.

The mc-Si module yielded standard output, which shows a FF of
about 78 at sunrise. However, it produced the maximum output
when the irradiance is about 937 W/m2, and the temperature is
about 32�C, where Pmax is about 88 W, ISC is 8.71 A, Impp is 8.22 A,
VOC is 14.2 V, and Vmpp is 10.8 V. The lowest output recorded on the
device was when the irradiance is reading 0 W/m2, and ambient
temperature is about 30.5�C, where Pmax is about 2 W, ISC is 0.27 A,
Impp is 0.21, VOC is 12.9 V, and Vmpp is 11.3 V.

The CdTe module yielded anticipated output, which shows a FF
of about 69 at sunrise. However, it produced the maximum output
when the irradiance is about 923 W/m2, and the temperature is
about 32�C, where Pmax is about 65 W, ISC is 1.02 A, Impp is 0.83 A,
VOC is 100.5 V, and Vmpp is 77.4 V. The lowest output recorded on
the device was when the irradiance is reading 0W/m2 and ambient
temperature is about 30.5�C, where Pmax is about 2 W, ISC is 0.33 A,
Impp is 0.03, VOC is 86.8 V, and Vmpp is 70.7 V.

The a-Si module yielded the expected output at shows a FF of
about 68 at sunrise. However, it produced the greatest output when
the irradiance is about 969 W/m2, and the temperature is about
32�C, where Pmax is about 131 W, ISC is 2.40 A, Impp is 2.08 A, VOC is
82.0 V, and Vmpp 63.2 V. The lowest output recorded on the device
was when the irradiance is reading 0 W/m2 and ambient temper-
ature is about 30.5�C, where Pmax is about 2 W, ISC is 0.05 A, Impp is
0.04, VOC is 86.5 V, and Vmpp is 50.9 V.

3.1.2. Monthly measurement
The monthly PV output result demonstrates a number of factors

influencing the performance of the devices. However, this research
is focused on the effect of soiling on PV performance. The finding
shows how PV performance degraded within a short time after
installation. PV output performances are presented in the diagrams
below, where measured IV curves and IV curves converted to the

Fig. 4. Critical measured weather parameters illustrating average monthly variation from August 2019 to July 2020 (a) temperature and humidity, (b) wind velocity, (c) rain rate and
solar irradiance (comparing DNI obtained from GSA and on-site measured DNI), and (d) wind direction.

Table 3
Seasonal variation of the maximum rate of airborne pollutant in Kano.

Main Pollutants AQI mg/m3

Dry Season Wet Season Dry Season Wet Season

PM2.5 251 17 201 9
PM10 251 19 321 18
NO2 27 4 49 8
O3 5 17 13 43
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standard condition are illustrated. Fig. 10 illustrated PV current
yield variation for variousmonths under different irradiance during
the study. Fig. 6 shows that the pc-Si module's performance was
very high at the beginning of exposure (August-2019). The
measured Pmpp output value at 1,250 W/m2 is about 102 W. The

Pmpp value is generated under standard conditions (83 W) and
compared with the nominal value where the output shows a dif-
ference of about 17.5%, as shown in Fig. 6. The same illustration
shows a difference between the measured ISC, which is 10.78 A, the
STC ISC 8.73 A, and the NOM ISC, which is 8.95 A. Similarly, it shows
the difference between the measured Impp, 9.87A, STC Impp, 8.06 A
and NOM Impp, 8.32 A. The most significant degradation is recorded
in January 2021, where the measured Pmpp value at 871 W/m2 is
about 26W. The Pmpp value is generated under standard conditions
(30 W) and compared with the nominal value (101 W) obtained
during the indoor measurement, where the output shows a vari-
ance of about 70.2%, as demonstrated in Fig. 11 (a). The lowest
degradationwas recorded in December 2019 when the module was
clean to start a one-year reading without cleaning. Hence this is not
assumed to be the lowest degradation. The actual lowest degra-
dation is recorded in February 2020, where the measured Pmpp
value at 853W/m2 is about 72W. The Pmpp value is generated under
standard conditions (85 W) and compared with the nominal value
obtained during the indoor measurement, where the output shows
a discrepancy of about 15.8%, as illustrated in Fig. 11 (a).

Fig. 7 demonstrates that the mc-Si module's output was rela-
tively high at the beginning of exposure (August-2019). The
measured Pmpp value at 1,026 W/m2 irradiance is about 97 W. The
Pmpp values generated under standard conditions (96W) compared
with a nominal value (109 W) where the output shows a difference
of about 12.2%, as demonstrated in Fig. 11 (a). Fig. 7 shows the
discrepancies between the measured, where ISC is 9.29 A, the STC

Fig. 5. Hourly variation of PV performance for the four exposed modules.

Fig. 6. Monthly measured and converted STC performance variation of the pc-Si
module at a different irradiance for 17 months in relation to nominal outputs.
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ISC 9.16 A, and the NOM ISC is 9.20 A. Similarly, it shows the variance
between themeasured Impp, 8.63 A, STC Impp, 8.54 A and NOM Impp,
8.63 A. The most significant performance degradation of the mc-Si
module is recorded in January 2021, where the Pmpp measured
value at 904W/m2 irradiance is about 30W, ISC is about 2.89 A, and
the Impp is about 2.66 A. The Pmpp value under standard conditions
(34 W) is generated and compared with the nominal (109W) value
obtained during the indoor measurement, where the output shows
a variance of about 68.6%, as provided in Fig. 11 (a). The actual
lowest degradation was recorded in August 2020; all the parame-
ters are highlighted at the beginning of this paragraph.

Fig. 8 shows that the CdTe module's performance was very high
at the beginning of exposure (August-2019), and it is the month
when the lowest degradation was recorded. The measured Pmpp at
1,148 W/m2 is about 88 W. The Pmpp value is generated under
standard conditions (71 W) and compared with the nominal value
where the output shows a difference of about 11.3%, as illustrated in
Fig. 11 (a). Furthermore, the results show variance between the
measured ISC, which is 1.35 A, the STC ISC is 1.09 A, and the NOM ISC
is 1.02 A. Similarly, it shows the difference between the measured
Impp, 1.11 A, STC Impp, 0.89 A and NOM Impp, which is 0.88 A. The

most significant performance degradation is recorded in January
2021, where the measured Pmpp value at 887 W/m2 is about 16 W.
The Pmpp value is generated under standard conditions (18 W) and
compared with the nominal value (80 W) obtained during the in-
door measurement, where the output shows a variance of about
77%, as demonstrated in Fig. 11 (a).

Fig. (9) indicates that the yield a-Si module was substantially
higher at the beginning of exposure (August-2019), and it is the
month when the lowest performance reduction was recorded. The
measured Pmpp value at 1,169W/m2 is about 152W. The Pmpp values
are generated under standard conditions (135 W) and compared
with a nominal value (136 W) where the output shows a difference
of about 1%, as shown in Fig. 11 (a). Fig. (9) shows a difference be-
tween the measured ISC, 2.81 A, the STC ISC 2.45 A and the NOM,
which is 2.28 A. Equally, it shows the variance between the
measured Impp, 2.39 A, STC, 2.12 A and NOM, which is 1.98 A. The
most severe degradation is recorded in January 2021, where the
measured Pmpp value at 907 W/m2 is about 27 W. The Pmpp value is
generated under standard conditions (30 W) and compared with
the nominal value (136 W) obtained during the indoor measure-
ment, where the output demonstrates a dissimilarity of about
78.3%, as illustrated in Fig. 11 (a).

A comparison chart illustrating the changes between the PV
output in STC and NOM shows a similar variation to the chart
illustrating the efficiency change is shown in Fig. 11 (a) and 11 (b).
The month with the lowest efficiency change for a pc-Si module is
February-2020, where about 18% loss was recorded. However,
another lower efficiency change was recorded in December 2019
(17%) due to cleaning to restart the measurement at the end of the
year, but it would not count as the lowest since it was intentionally
cleaned. Themonthwith the lowest efficiency change formc-Si was
recorded in September-2019 with about 15% loss. The lowest effi-
ciency change for CdTe and a-Si occurs at the beginning of the
exposure (August-2019), where about 3% for both modules were;
despite the modules being cleaned in December, the efficiency was
not fully developed regained. This might be due to cementation,
caking, or capillary ageing. It was observed that not all particles
could be removed using standard washing or brushing techniques;
that is why it is essential to determine a region particles mineral's
composition of both the ones suspended in the atmosphere and the
accumulated. It would be essential when making decisions on the
appropriate mitigating to be implemented for a region. On the
other hand, substantial losses were recorded towards the end of the

Fig. 7. Monthly measured and converted STC performance variation of the mc-Si
module at a different irradiance for 17 months in relation to nominal outputs.

Fig. 8. Monthly measured and converted STC performance variation of CdTe module at
a different irradiance for 17 months in relation to nominal outputs.

Fig. 9. Monthly measured and converted STC performance variation of a-Si module at
different irradiance for 17 months in relation to its nominal output.
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experiment (in January-2021) on modules, where about 71% effi-
ciency reduction was recorded from a pc-Si module, 71% for mc-Si
module, 77% for CdTe module, and 78% for a-Si module.

3.2. Optical losses

3.2.1. Monthly
The optical assessment result shows significant losses, where

the various coupons have individual soiling rates. The results are
clustered into monthly, seasonal, and annual. The monthly result in
Fig. 12 shows losses of coupons from all months compared to a
clean coupon's optical characteristic. The most significant losses on
the monthly coupons were recorded from January coupon, where
about 50% reductionwas observed, and the least was recorded from
August coupon with about 2% loss.

3.2.2. Seasonal
Seasonal optical loss results are illustrated in Fig. 13, where the

losses of coupons exposed during the two major seasons (dry and
wet) are depicted. It shows losses of coupons from both seasons
compared with the optical characteristic of a clean coupon. The
results illustrate the high soiling rate during the dry season with
about 43% optical loss, while only 7.21% optical loss was recorded

on the wet season coupon.

3.2.3. Annual
The annual optical loss result is illustrated in Fig. 14, where the

losses of coupon exposed for about 17 months is depicted. It shows
optical losses of the annual coupon compared with the optical
characteristic of a clean coupon. The results illustrate the high

Fig. 10. Monthly variation of short circuit current and current at maximum power point from August 2019 to January 2021.

Fig. 11. (a) Monthly variation of the change between PV outputs converted to STC and PV output under Nominal condition and (b) monthly variation of the change in PV modules
efficiencies.

Fig. 12. Monthly variation of optical losses of soiled coupons compared with a clean
one.
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soiling rate where about 68% optical loss was recorded coupon.

3.3. Mass of accumulated dust

The masses of accumulated dust on various coupons were
examined through a systematic approach. The finding shows that
January appears to have the most significant mass with about
5.92 g/m2 deposited on the coupon, while the least is August with
0.4 g/m2 when considering monthly deposition, as illustrated in
Fig. 15. Furthermore, optical losses were plotted as a function of
dust density, where a linear line is observed showing that the
higher the mass of accumulated dust, the more optical losses to be
recorded.

3.4. Particle characterisation

The SEM images in Fig. 16 (a) and (b) show how dust particles
are naturally deposited over the coupons with fewer wide gaps
(porous areas), portraying that a significant number of photons will
reach the solar cells. However, on a closer view showing in Fig. 16
(c) with a scale of 50 mm, it shows that a large amount of light
would not reach the solar cell since some particles with a broader
diameter greater than 100 mm are occupying more expansive
spaces, and others are even wider. The exposed modules' spectral
responses are all within UV, VIS and NIR wavelength, from 0.2 mm
to about 1.2 mm.

EDX results provided an image and consolidated graphs shown
in Fig.17 (a) and (b), highlighting element composition employed in
identifying the minerals. All graphs were repeatedly recorded from
different positions on the coupon. Findings show minerals such as
Stilpnomelane that opaque optical characteristics and Illite that
possess the translucent optical characteristic. However, results
show that some minerals such as Anxite, Beryl, and Quartz tend to
have transparent optical characteristics. All the EDX results and
their optical characteristics are highlighted in Fig. 17 (b).

The X-ray diffraction result presented a similar finding to the
SEM/EDX, where the Quartz, Calcite and Illite were all recorded on
both experimental studies. In addition, Microline and Albite,
known to be from Alkali feldspar, possess translucent optical
characteristics, while Kaolinite comes with opaque optical charac-
teristics. The finding is presented on modified diffractograms in
Fig. 18 below. The yield was presented using coloured shapes
positioned on top of each mineral. Although the sample was a
smear, four major peaks (Quartz, Microline, Albite, and Calcite) and
two lesser peaks (Illite and Kaolinite) were identified, which ap-
pears to be convincingly fit.

4. Discussion

This section presents analyses of the experiments undertaken to
characterise PV's performance under Nigeria's extreme conditions.
The initial laboratory results were used as a baseline to determine
the percentage difference of ISC, Impp, Pmpp, and efficiency losses
when soiling occurs on PV surfaces. Optical loss results were ana-
lysed to determine the losses and accumulated particle mass for a
particular period. Furthermore, weather conditions during signifi-
cant losses were examined to know when and they influence
soiling on PV. Accumulated particles on coupons surface were
analysed to determine the types of minerals and why they nega-
tively influence light transmittance. To better understand the kind
of accumulation recorded, a digital image showing all the four
modules is provided in Fig. 19.

Fig. 13. Seasonal variation of optical losses of soiled coupons compared with a clean
one.

Fig. 14. Annual optical losses of soiled coupons compared with a clean one.

Fig. 15. Monthly variation of accumulated dust as a function of time and an illustration
of accumulated dust mass as a function of the optical losses.

Fig. 16. SEM images illustrating the presence of massive PM10 and PM2.5 particles on a
coupon exposed in Kano, Nigeria.
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The initial in-situ performance assessment results confirmed
that all the modules are in perfect condition after transportation. It
also confirmed that the laboratory performance characterisation
results are correct, and the insulation resistance of all the modules
is with factory acceptance level >200 MOhm. The FF measured at
sunrise shows the expected value ranging from 0.68 for a-Si, 0.69
for CdTe, 0.74 for pc-Si, and 0.78 mc-Si. All these values were
recorded at PV temperature greater than 25 �C. Kalogirou [41]
stated that any solar cell with an FF greater than 0.7; is operating
correctly, and the FF would decrease as the temperature increases.
When the results at the irradiance peak are converted to STC, it
appears to have ISC greater than the NOM value except for the pc-Si
module, where a majority of the time, it is less than the NOM value,
but when the temperature drops, it becomes the same. Whereas
the VOC under STC remains lower than NOM at all times, which is
due to temperature. Due to the devices ' characteristics, the findings

reveal a slight minor degradation at sunrise on the a-Si and CdTe
modules. It has been reported that a-Si and CdTe could suffer
degradation of efficiency when first exposed and tends to stabilise
within a short period [42].

The monthly performance results show a significant loss in
some months, with the greatest towards the end of the study. The
findings were compared against the initial laboratory measure-
ment and the initial in-situ measurement. The significant losses
recorded from various months are related to the soiling and tem-
perature. However, the research focused on the soiling aspect
where photons are attenuated, absorbed and scattered by mineral
particles accumulated on the modules' surface. Within one year
without cleaning and seventeen months of exposure, enormous
losses of the ISC and the Impp were recorded, with the pc-Si module
having 65% ISC and 66% Impp reductions. In contrast, the mc-Si
module shows 65% of ISC and 66% of Impp. Higher degradations
were recorded on thin-filmmodules with 66% of ISC and 69% of Impp
reduction for the CdTe module, whereas the a-Si module has a 69%
of ISC and 73% of Impp degradation. ISC and Impp are directly
dependent on the intensity of the incident light, leading to overall
performance degradation. Kalogirou [41] stated that the relation-
ship between solar radiation and ISC is linear since the increase in
solar radiance leads to an increase in ISC and similarly decreases in
light penetration of solar cells, leading to a decrease in ISC. Re-
ductions recorded on crystalline modules appear to be similar.
However, more significant losses were recorded on the thin-film
modules, with a-Si having greater losses than CdTe. Significant ef-
ficiency degradation was recorded from all modules, as illustrated
in Fig. 11 (b). A closer examination of the findings reveals factors
such as temperature that stimulate higher-efficiency degradation.
However, these reductions are mainly related to soiling on the PV
devices, demonstrating the harmful impact dust accumulation
could cause in the region over a short period. The variation between
the ISC/Impp reductions and the efficiency reduction is relatively
small. Unsurprising, findings show an alarming performance loss
from all themodules, which is directly related to soiling as based on
the ISC decrease reported earlier with the most significant total
power loss of about 78.3% for a-Si, 77% for CdTe, 70% for pc-Si, and
68.6% for the mc-Si module. Likewise, PV efficiency results also
presented a high degradation with about 78% degradation for a-Si,
77% for CdTe, and 71% for the mono and pc-Si modules.

Weather conditions play a vital role in influencing dust accu-
mulation on the surface and sometimes play the mitigating role,
cleans the surface and reduce PV temperature. The averageweather
illustrated in Fig. 4 (b) shows that themost significant wind velocity
was about 6 km/h in Jun 2020. It also shows that the heaviest
rainfall was recorded in July 2020 (about 131 mm/h), followed by
June 2020 (about 115 mm/h). The average wind direction during
these months are mainly Southwest (since the wind direction is
greater than 180�), according to Fig. 4 (d), showing it is coming from
the Atlantic region. These two parameters serve as a natural
cleaning for the modules, and that is the main reason the high
performance was recorded during the two months and the
following August. Said et al. [15] reported that high wind speed
with inward direction could reduce the temperature by dissipating
convective from the PV device to sustain conversion efficiency as
long as the wind direction faces the system and impacts it. On the
other hand, lower wind velocity was recorded around November,
December, and early January were about 3 km/h wind speed
(shown in Fig. 4 (b)), mainly from the North East were recorded.
The wind speed improves and becomes very active in January,
triggering the Harmattan season's peak characterised by dry and
dusty particles that are reported to be generated from the Saharan
desert [43]. During this season, it is hard to see any form of rainfall
or high humidity rate in the region, and the weather station

Fig. 17. (a) Backscattered electron imaging highlighting points where elements
composing to minerals are identified, (b) EDX graphs highlighting mineral elements
that could have a deteriorating impact on light transmittance.

Fig. 18. Diffractogram illustrating minerals with opaque and translucent optical
transmittance characteristics and validating the elemental composition of accumu-
lated sample on an exposed coupon in Northern Nigeria.
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recorded zero rainfall, as shown in Fig. 4 (c)
Humidity tends to be high at the beginning of the Harmattan

season due to the transition from wet to dry season, and it then
drastically drops within a couple of days, causing massive dust
accumulation on surfaces at the beginning of the season
(November). This is the main reason why high PV losses are
recorded at the beginning of the dry season. High humidity is
recorded during the wet season, as shown in Fig. 4 (a), corre-
sponding to the rainfall rate shown in Fig. 4 (c). Humidity tends to
influence capillary adhesion significantly. On the first morning of
in-situ data collection, it was observed that dew has settled on the
surfaces of the module, which is a recipe for disaster. When water
droplets with dust particles settled on a surface due to condensa-
tion and are later heated, the particles will dry and re-solidify,
causing the particles' cementation [31,44e46]. It is reported that
cemented particles are tough to remove from surfaces and some-
times impossible [38]. Modules were cleaned using a similar
technique (brush) used in the same solar farm during December
2019 to regain optimum performance and efficiency, but it was
discovered that cementation occurred in some parts of a-Si and
CdTe, requiring more thorough cleaning. Emziane and Al Ali [21]
used brush in restoring PV does not provide the desired outcome.
The temperature in this region is always higher than 25�C during
the day when the peak of irradiance is expected, and the thin-film
module tends to have a heat tolerance to a certain extent, but a-Si
takes longer to cool off after exposure. Temperature plays a vital
role in PV performance; it also plays a significant role in influencing
particles' retention on PV surfaces. This occurs at high temperatures
after wet deposition due to light rain or dew formation. As tem-
perature increases, the water content will evaporate since the air
could hold more water vapour at high before it gets saturated,
leaving the particles that were initially deposited with the water.
This process promotes a severe soiling scenario where the capillary
bridges are dried up, leading to cementation that makes particles
form strong adhesion between themselves and with the PV mod-
ule's surface. The Temperature increase with an intensity of irra-
diance over a short period; similarly, the PV temperature also
increases with ambient temperature increase. Soiling on the PV
surface causes a decrease in PV temperature as the ambient

temperature increases since the particles provide optical and
thermal resistance and shield the incident irradiance. Xu et al. [47]
supported this claim and stated that the PV temperature of a
module covered with dust has a lower temperature than a clean PV
module.

The optical results demonstrate significant losses, with the
highest coupon exposed in January and the lowest in August. This
finding corresponds to the initial statement that highlights that
January happens to be the peak of the dry season, whereas August
is the peak of the rainy season. The optical results for the season
confirm this, where it shows that higher losses are recorded during
the dry season compared with the wet season. The moisture con-
tent in the air around PV decreases as ambient temperature, mak-
ing the PV local surrounding area dry. Therefore, low-level wind
can easily cause soil erosion by lifting particles from the surface a
move them to a different location [2]. Kazem et al. [48] reported
that the PM10 level in the atmosphere is a factor causing the in-
crease in surface uncleanliness, mainly when velocity wind is less
and humidity is low. Optical losses exacerbated on the annual
coupon, which was removed during the dry season. Findings reveal
that the most significant loss is recorded in January, and the rela-
tionship between the optical losses and mass of accumulated is
directly proportional to the higher the dust mass and the higher the
optical losses will be recorded. It clearly shows that dust density is
not linearly dependent on the length of exposure but rather a cli-
matic condition. However, accumulation will increase with time.
This is also in line with Said et al. [15] that stated that dust density
does not increase linearly with time. Dust formation on the various
coupons surfaces that caused all the optical losses illustrated in
Figs. 12, Fig. 13, and Fig. 14 could lower the amount of light that
could reach the solar cell, leading to the reduction of electron-hole
pairs.

The SEM reveals the sizes of mineral particles which are large
and dispersedly distributed on the coupon. Some particle diameter
was observed to be wider than 100 mm and spectral wavelength on
which all the PV modules are �1.2 mm. It shows that mineral par-
ticles could absorb, attenuate, scatter or reflect the photon flux. The
EDX reveals minerals with opaque, translucent and sub translucent
optical characteristics, which confirms the reason for light

Fig. 19. Digital images highlighting variations between clean modules and soiled modules during exposure.
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absorption, reflection, attenuation and scatter, leading to the
reduction of photons, hence decreasing the number of possible
electrons that could be generated and lessen the potential current.
Similarly, X-ray diffractometer findings presented some minerals
with opaque characteristics, as shown in Fig. 18 and validated the
SEM/EDX characterisation of elemental analysis, highlighting traces
of elements that could add up to some minerals. Air Plum Lab
(2021) provided data of the primary pollutant suspended in the
atmosphere across the region, which show a high concentration of
PM10 suspended in the atmosphere with the most significant
recorded during the dry season, causing a high reduction of irra-
diance reaching the solar cell. The data are consistent with the
findings of SEM/EDX presented in Fig. 17.

The accumulation during the dry season is not influenced by
precipitation since Fig. 4 (c) clearly illustrates zero precipitation.
Deposition occurs when wind acts as the transport agent through
Brownian and turbulent diffusion, interception, sedimentation,
electrical migration, diffusiophoresis and thermophoresis [5]. In
comparison, deposition during the dry season in the region can
occur with the influence of dew, humidity and wind, whereas all
the above mentioned with the addition of precipitation occurs
during the wet season. The main adhesion force assumed to be
causing particle retention on surfaces are capillary force, electro-
static force, and Van der Waal forces. Van der Waal force and
electrostatic force are expected to be highly active during the dry
season, whereas all forces (capillary force, Van der Waal forces, and
electrostatic force) were expected to be active during the wet
season. However, the availability of the high rainfall rate and high
wind speed promotes particles detachment and removal during the
wet season, and the wind is blowing from the opposite direction of
the primary source of dust that injects particles into the atmo-
sphere. The capillary force created bridges that cement particle
surfaces are assumed to be very active at the beginning and the end
of the rainy season, where light rainfall was recorded. The Van der
Waal force and electrostatic force are less dominant, with the first
acting between particles and between particles and surface within
a short range [49]. The second acts between particles and surface,
and its strength mainly depend on the electric field. It can act
positively by repulsing the dust particle or in a negative way of
attracting the particles.

In contrast, the findings are compared with losses recorded on
the solar farm, which is the research site of this study shows sig-
nificant power losses at the peak time of solar irradiancewith about
only a couple of weeks without cleaning during the transition from
wet to dry season. The solar farm performance reduces to about
88%, with a total power output of about 117 kW/MW was recorded
on a Sunday, 01/09/2019. The irradiance at the time this loss was
recorded indicated 1028 W/m2 for the East orientation sensor and
1094 W/m2 for the West orientation sensor. The calculated per-
formance ratio was about 0.11387. This massive reduction is due to
cleaning staff on a break based on the assumption that rainfall will
clean themodules andmaintenance. However, a certain percentage
of performance was regained after a thorough cleaning was con-
ducted with brushes. The solar farm never operated at its optimum
performance, even during the inauguration. The analysed power
data collected from the farm show that the maximum performance
ratio was recorded during the inauguration, which is about 1.51 PR
(3:2), 67% of the installed capacity. This fact was validated with a
published report from Nigeria Electricity Hub (2018), which stated
that it generates around 600 kW at its launch. Despite a weekly
manual cleaning with brushes, further degradations to about 55%
record during the dry season (03/03/2020) with a total power
output of about 548.96 kW/MW and lower degradation 65% was
recorded during the wet season. It is observed that cleaning with

brushes improves performance but not the required standard.
Caution should be observed in generalising the solar farm's findings
as some parameters such as temperature effect, cable losses, and
inverter losses were not considered. However, the findings show
similar trends of >50% losses on solar farm installation and the four
exposed modules.

The thin film (CdTe and a-Si) is integrated cells in a monolithic
pattern spanning themodule's entire length, and the devices have a
greater spectral response at a lower wavelength. The crystalline
silicon (mc-Si and pc-Si) modules consist of 24 cells for each panel.
The influence of soiling has disparity on these two patterns of cells
interconnections, particularly when accumulation occurs in a non-
uniform pattern. It is expected that crystalline silicon with 24 cells
will have more yield degradation than a thin film with cells span-
ning across the entire module length since their laser-printed cells
have amore extended response area and are integratedwith bypass
diodes. While the crystalline cell has fewer bypass diodes and a
significant amount of soiling on a single cell for the crystalline
module could cause the reversed biased, which bias the bypass
diode, causing massive yield degradation. Although the soiling
recorded during this study on the various modules is nearly uni-
form based on Fig. 19, literature reported that the thin-film mod-
ules are designed to have greater soiling tolerance than crystalline
silicon modules [50e52].

The finding demonstrated a significant performance degrada-
tion triggered by soiling on all the PV modules exposed with wide
seasonal and monthly variation. Similarly, significant losses of solar
farm yield were observed with a seasonal and monthly variation.
Findings reveal that mitigation technique (manual wiping with
brushes) used in the solar farm does not significantly improve the
performance as such a more appropriate one should determine.
This study provides realistic data and methodology that could be
used for further research across the PV soiling community and
scientists at large. There is no standard soiling rate that could be
globally applied as the results presented validated literature that
shows extreme soiling in the region compared with what was
earlier reported in the region. Finding would add to the growing
knowledge in the field of PV soiling and highlight unexpected
soiling rates in a relatively neglected region for higher penetration.
Gupta et al. [3] recommended increasing a suitable number of PV
modules to compensate for losses caused by environmental factors.
This study opposed the recommendation since increasing modules
would solve the problem; instead, it would increase the level of
financial commitment that cannot yield the required profit. The
researchmethodology employed several techniques but practicable
and cost-effective to examine the impact of soiling, and findings
illustrating alarming yield losses and efficiency degradation that
required an immediate response from the soiling research com-
munity, not only to the region of study but also to all unexplored
regions across the globe since PV soiling location-related. Identi-
fying the main causes of soiling and its rate over seasonal and pe-
riodic variation should be a prerequisite for developing solar in a
region with high airborne dust particles. The determining soiling
rate of a sitewith high potential could play a decisive predictive role
in optimum PV performance over a period. It is vital to identify a
cost-effective yet appropriate mitigation technique to restore and
sustain the solar farm's optimum performance. Findings can be
employed to ensure the optimum yield of a 7.1 MW solar farm, and
another ongoing solar farm project larger with a capacity greater
than 100 MW in the same city is maintained using the reported
soiling rate and periods with deposition. Sustaining this develop-
ment is highly significant to the penetration of PV technology in the
region, reducing the energy deficit and scaling up clean energy to
attain SDG-7.
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5. Conclusion

The economic and environmental benefits of the PV device have
made the system the most sustainable clean energy solution for
developing countries to achieve SDG-7. Besides its low efficiency,
which is undergoing massive research globally, dust directly affects
its performance. This report investigated the impact of dust on four
types of PV modules considering wind, humidity, rain, temperature
and dust particles as influencing factors in a region with a high
soiling rate and massive investment in solar PV. The findings reveal
a massive performance decrease due to soiling on all exposed
modules, with the most significant ISC reduction recorded about
73% on a-Si and least of about 65% of the Si modules in one year
without cleaning and seventeen months of exposure. The outcome
shows egregious performances and efficiency losses of all exposed
modules, a yield loss of 78.3% for a-Si, 77% for CdTe, 70% for pc-Si
and 68.6% for the mc-Si module. At the same time, approximately
efficiency losses of 78% for a-Si, 77% for CdTe and 71% for bothmono
and multi-crystalline Si modules were recorded. A wide variation
was recorded between months and seasons, with January 2021 and
dry presenting the greatest rates. Results of optical losses validated
the above performance losses with a similar trend. The particle
characterisation reveals that mineral particles > PM10 size with
opaque and translucent morphology were the primary constituents
of dust formation on the examined coupons. Various experimen-
tations conclude that the region's prevailing soiling rate is excep-
tionally high and required immediate attention since a large
financial commitment has been put in place. In addition, to prevent
further performance losses and possible future system degradation
within a short period for all the installations for this, it is recom-
mended to investigate various mitigation techniques and employ
the appropriate one and its cycle, which is cost-effective, which
could restore and maintain optimal installation's optimal
performance.
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Appendix A. Table 1: pc-Si monthly electrical output
parameter variation including ISC, VOC, FF, Pmax, Vmpp, Impp,
solar irradiance, and ambient temperature

Polycrystalline Silicon Module

Month Pmax VOC (V) ISC (A) FF Vmpp (V) Impp(A) Irr (W/m2) A T (OC)

Aug-19 101.539 14 10.78 67.28 10.31 9.9 1250 37.62
Sep-19 79.32275 13.5 8.651 67.92 9.886 8 983.6 38.49
Oct-19 82.17247 13.6 8.818 68.52 10.07 8.1 982 37.62
Nov-19 61.97492 13.4 6.564 70.46 10.17 6.1 914 39.27
Dec-19 70.93178 13.8 7.213 71.26 10.59 6.7 826.4 30.28
Jan-20 73.109 13.9 7.301 72.04 10.64 6.9 894.5 31.24
Feb-20 72.19001 13.7 7.379 71.41 10.48 6.9 852.8 33.9
Mar-20 67.78574 13.5 7.837 64.07 9.303 7.3 940.4 39.36
Apr-20 60.63355 13.2 6.778 67.77 9.564 6.3 902.6 42.55
May-20 68.71484 13.4 7.905 64.87 9.601 7.2 946.6 43.32
Jun-20 66.54905 13.6 7.489 65.34 9.624 6.9 901.2 39.03
Jul-20 65.77325 13.6 7.539 64.15 9.623 6.8 795.3 37.72
Aug-20 96.55777 13.9 11.31 61.42 9.245 10.5 904 37.04
Sep-20 87.39955 14 9.925 62.9 9.76 8.9 1073 33.71
Oct-20 51.84891 13.5 5.7 67.38 9.996 5.2 667.8 38.39
Nov-20 32.69507 13.2 3.415 72.53 10.58 3.1 670.6 38.15
Dec-20 34.58224 13 3.72 71.51 10.27 3.4 808.1 35.45
Jan-21 26.01708 12.9 2.741 73.58 10.59 2.5 871 38.49
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Appendix B. Table 2: mc-Si monthly electrical output
parameter variation including ISC, VOC, FF, Pmax, Vmpp,
Impp, solar irradiance, and ambient temperature

Appendix C. Table 3: CdTe monthly electrical output
parameter variation including ISC, VOC, FF, Pmax, Vmpp,
Impp, solar irradiance, and ambient temperature

Appendix D. Table 4: a-Si monthly electrical output
parameter variation including ISC, VOC, FF, Pmax, Vmpp,
Impp, solar irradiance, and ambient temperature

Cadmium Telluride

Month Pmax VOC (V) ISC (A) FF Vmpp (V) Impp(A) Irr (W/m2) A T (OC)

Aug-19 87.86 103.9 1.348 62.73 79.35 1.1 1148 32.26
Sep-19 75.42 98.5 1.215 63.02 75.43 1 1055 37.82
Oct-19 66.51 96 1.119 61.91 70.95 0.9 1025 35.88
Nov-19 44.75 91.8 0.785 62.1 69.19 0.6 936.6 38.78
Dec-19 44.63 93.8 0.776 61.31 71.89 0.6 826.5 31.2
Jan-20 46.34 93.9 0.816 60.48 71.4 0.6 912 32.21
Feb-20 46.08 93.3 0.814 60.68 71.49 0.6 875.9 33.52
Mar-20 48.34 92 0.853 61.6 68.36 0.7 960 39.61
Apr-20 44.09 89 0.814 60.86 67.29 0.7 931.1 46.27
May-20 49.55 90.4 0.891 61.52 66.04 0.8 964.6 44.34
Jun-20 49.89 90.5 0.937 58.83 66.63 0.7 919.8 39.75
Jul-20 61.12 95.1 1.101 58.37 70.44 0.9 1161 37.57
Aug-20 51.79 93.5 0.937 59.12 70.1 0.7 1035 37.86
Sep-20 54.29 91 1.023 58.32 66.84 0.8 933.3 38.59
Oct-20 33.11 90.7 0.618 59.07 67.33 0.5 671.6
Nov-20 19.92 87.7 0.375 60.57 65.09 0.3 689.6 36.46
Dec-20 21.44 86.2 0.408 60.95 66.16 0.3 815
Jan-21 16.27 86 0.309 61.22 66.8 0.2 887.1 38.49

Monocrystalline Silicon Module

Month Pmax VOC (V) ISC (A) FF Irr (W/m2) Ta (OC) Vmpp (V) Impp(A)

Aug-19 96.86 14.5 9.289 71.91 1026 35.83 11.19 8.6
Sep-19 99.98 14.5 9.661 71.37 1027 36.61 11.31 8.8
Oct-19 99.49 14.2 9.952 70.4 1041 36.51 10.78 9.2
Nov-19 71.27 14 6.869 74.11 931.9 38.49 11.07 6.4
Dec-19 83.02 14.5 7.602 75.32 877.8 30.71 11.35 7.3
Jan-20 83.29 14.5 7.707 74.53 936.8 31.97 11.3 7.4
Feb-20 81.99 14.3 7.801 73.5 911.4 33.9 11.12 7.4
Mar-20 75.02 14.1 7.652 69.53 917.4 38.93 10.36 7.2
Apr-20 69.25 13.8 7.133 70.35 923.3 45.55 10.33 6.7
May-20 79.34 14 8.481 66.82 970.3 10.15 7.8
Jun-20 75.16 14.2 7.86 67.34 901.2 39.51 10.35 7.2
Jul-20 92.36 14.6 9.536 66.34 1059 35.69 10.42 8.9
Aug-20 103.13 14.6 11.12 63.52 1173 34.77 10.27 10
Sep-20 96.93 14.3 10.69 63.41 1077 35.88 10.05 9.7
Oct-20 56.79 14.2 5.605 71.35 696.6 10.82 5.3
Nov-20 38.49 14 3.636 75.61 726.4 36.85 11.37 3.4
Dec-20 39.59 13.7 3.87 74.68 847.8 37.19 11.07 3.6
Jan-21 30.38 13.7 2.89 76.74 904.1 38.69 11.43 2.7
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44136 33.79097 74.5 0.78 58.15 55.76 0.6 699.6 35.69
44166 35.49972 73 0.845 57.55 54.06 0.7 828.6 37.91
44197 26.63956 72.8 0.632 57.9 55.04 0.5 907.2 38.25
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