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A B S T R A C T   

Dust accumulation substantially impacts the efficiency and thermal behavior of photovoltaic (PV) modules. Addressing a current knowledge gap, this article presents 
a comprehensive assessment of the impact of dust on PV module temperature. This endeavor includes a combination of systematic experiments with a novel 
developed mathematical model that uniquely incorporates key dust parameters such as emissivity, absorbance, and transmittance. The model enhances accuracy in 
estimating PV module temperature compared to existing mathematical models, which often overlook heat absorption due to dust and specific dust characteristics. 
These parameters are measured using specialized devices to ensure realistic values. Outdoor experiments are conducted to validate the model’s predictions under real 
weather conditions, further highlighting the importance of accurate PV temperature estimation in dusty environments. Additionally, a comparative analysis is 
performed with existing mathematical models for PV temperature prediction, demonstrating the superior performance of the proposed model, which achieves the 
lowest average prediction error (mean absolute error of 1.4). These findings provide valuable insights into the estimation of PV temperature in dusty conditions, 
bridging the gap between theoretical modeling and practical application and underscoring the novelty and innovation introduced in this research.   

1. Introduction 

Climate change and increasing energy demand have heightened the 
global importance of seeking sustainable energy solutions [1]. Among 
the array of renewable energy alternatives, PV technology has emerged 
as a transformative force capable of converting solar energy into elec
tricity [2]. With the advent of cleaner energy and reduced environ
mental impact, this technology has fostered the possibility of a more 
sustainable future [3,4]. However, PV technology’s performance and 
efficiency are closely linked to weather patterns, material properties, 
and environmental factors [5]. 

For instance, one of the most significant threats to PV technology’s 
performance is the deposition of dust on PV module systems [6]. Dust 
affects energy absorption, heat dissipation, and thermal equilibrium on 
module surfaces, thereby influencing the operational dynamics of PV 
systems [7,8]). Dust accumulation is more frequent in arid and semi-arid 
regions like the Middle East and North Africa, which boast high solar 
energy potential [9]. The accumulation of dust particles on PV module 
surfaces diminishes the intensity of incident sunlight reaching the solar 
cells, resulting in reduced power output [10]. This phenomenon has 
been extensively studied, with numerous research papers reporting 
significant declines in PV system performance due to dust accumulation 
with a reduction of up to 50 % depending on dust levels [7,11]. 

Furthermore, dust presents a notable challenge to the efficiency of solar 
technologies like CSP systems. The accumulation of dust on the CSP 
systems can scatter and absorb sunlight, reducing the amount of solar 
radiation reaching the target. This can lead to decreased thermal effi
ciency and reduced electricity generation [12,13]. 

Furthermore, dust accumulation can create uneven temperatures 
and hot spots, leading to overall higher temperatures in PV modules and 
decreased efficiency [7]. Understanding the effects of dust accumulation 
and its interaction with temperature changes is vital for enhancing PV 
system efficiency and reliability [14]. Consequently, accurate temper
ature predictions are pivotal for comprehending and enhancing solar 
energy system performance [15]. Dust buildup is an essential key factor 
affecting PV module efficiency [16]. The extent of this impact varies 
based on the specific geographic location and local environmental 
conditions [17]. This following section offers a concise overview of the 
current state of research in estimating PV temperature, emphasizing the 
evolution of approaches and identifying the existing challenges. 

Accurate temperature prediction for PV modules is crucial for 
enhancing the performance and efficiency of PV systems. Numerous 
studies have developed methods and models for estimating PV tem
perature, taking various environmental factors into consideration. This 
section provides an overview of the existing literature, emphasizing key 
approaches and challenges. 
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Early research studies in PV temperature estimation primarily 
focused on establishing simple empirical relationships between PV 
module temperature, solar irradiation, and ambient temperature [18]. 
While these empirical correlations laid the foundation for understanding 
PV module temperature behaviour, they often lacked precision. As 
research advanced, more sophisticated models were developed, incor
porating additional variables that influence PV temperature. These 
models tackled the complexities by considering various environmental 
factors including ambient air temperature, solar irradiation, and wind 
speed [19]. 

Furthermore, studies have highlighted the impact of optical prop
erties and dust accumulation on PV temperature. Some researchers have 
emphasised the necessity of accounting for the reduction of light caused 
by dust in temperature prediction models, given its significant effect on 
light scattering. This led to the inclusion of dust-related factors in tem
perature estimation equations, such as transmittance [20]. Additionally, 
efforts to enhance PV temperature predictions included analytical 
models that incorporated weather conditions and principles of heat 
transfer, such as natural convection and radiation, as demonstrated by 
Tomar et al. [21]. This approach bridged the gap between theoretical 
analysis and experimental validation, providing deeper insights into PV 
temperature behaviour [21]. 

Mathematical models have expanded to encompass electrical, ther
mal, and optical elements, offering a comprehensive perspective by 
accounting for the intricate relationships among various parameters. 

Gupta et al. [10] developed a comprehensive model that predicts PV 
temperature by integrating electrical, thermal, and optical elements, 
recognising the complex nature of temperature behaviour in PV 
modules. 

In summary, research has evolved from early studies focused on 
ambient factors to advanced approaches that consider heat transmission 
processes, optical properties, and the effects of dust accumulation. These 
advancements reflect ongoing efforts to improve PV temperature esti
mation, thereby enhancing the accuracy and reliability of predicting PV 
module behaviour under diverse climatic conditions. Table 1 provides 
equations and correlations derived from published research, facilitating 
the calculation of PV temperatures while accounting for various envi
ronmental variables, optical module properties, and heat transport 
equations. 

TPV represents the temperature of the PV module. Ta is the ambient 
temperature surrounding the PV module. G denotes the solar irradiance 
received by the module. ν is the wind speed impacting the module. ω 
symbolizes humidity. А is the absorptivity coefficient of the module. η 
symbolizes the efficiency of the PV module. τ represent the trans
misstance. Ul is the overall heat loss coefficient of the module. Uv de
notes a coefficient related to wind speed. γ and β are a coefficient 
indicating thermal impact on the electrical PV coefficient. σ representing 
the Stefan-Boltzmann constant. Finally, hc and hr are the convective and 
radiative heat transfer coefficients, respectively. 

Achieving optimal performance in solar energy systems necessitates 

Table 1 
Equations and correlations for estimating photovoltaic temperature from published research.  

Ref. Parameters Equation Eq. No 

[18] 
Ta TPV = 0.0282G + Ta (1) 

[22] 
Ta, G TPV = 30 + 0.0175(G − 300) + 1.14(Ta − 25) (2) 

[23] 
Ta,G TPV = Ta + (3× G/1000) (3) 

[24] 
c TPV = Ta + 0.022G(1+0.009Ta)(1 − 0.063v) (4) 

[19] 
Ta,G,ν TPV = 3.81 + 0.0282G + 1.31Ta − 1.65 v (5) 

[25] 
Ta,G,ν TPV = 0.943× Ta + 0.0195× G − 1.528× ν + 0.3529 (6) 

[26] 
Ta,G,ν TPV = 3.12 + 0.025G + 0.899Ta − 1.3 v (7) 

[27] 
Ta,G,ν TPV = 4.3 + 0.0028G + 0.943Ta − 1.528 ν (8) 

[28] 
Ta,G,ν TPV = 0.943× Ta + 0.028× G − 1.528× ν + 4.3 (9) 

[29] 
Ta,G,ν TPV = 1.4× Tatm + 0.1(G − 500) − ν0.8 (10) 

[30] 
Ta,G,ν TPV = Ta + (G/(27.307+ 3.0381v)) (11) 

[23] 
Ta,G,ν TPV = G.

{
e− 3.47− .075υ} + Ta + 3 × G/1000 (12) 

[31] 
Ta,G,ν TPV = 2.08 + 0.0182G + 1.038Ta − 1.13 v (13) 

[32] 
Ta,G,ν,ω TPV = Ta + G× 0.32×

w
8.91

+ 2× v (14) 

[14] 
Ta,G,ν,ω TPV = 30.60 + 0.409Ta= + 0.014G – 0.15w – 0.377 ν (15) 

[33] 
Ta,G,ν,ω 

TPV = Ta + Bh
[ G
800

(NOCT − 20)
]

+ Ch(wh − w1)
(16) 

[34] 
Ta,G,ν,ω TPV =

1
3
× [3.941Ta + 281.7× (G/1000)0

.01088+ 269.1w0.005602 − 0.1761v+ 275.9] − 273.15 (17) 

[20] 
Ta, G,,α,η TPV = Ta + G α [1 − η]/29 (18) 

[35] 
Ta,G,ν,τ,α,η TPV = Ta + ((α.G (1 − η))/((12.85 + 1.06v)× 2)) (19) 

[21] 
Ta, G,ν, τ, α, η, Ul TPV = Ta + G

τ.α
UL

[1 − η]Ul = hr + hc, hc = 2.8 + 3× V,  

hr = ∊PVσ
(

TPV +Tsky
)(

T2
PV +T2

sky

)

(20) 

[36] 
Ta, G,ν, τ, α, η, Ul TPV =

UPVTa + G × (αc.τ − ηo − βηref Tref )

UPV − Gβηref
UPV = 26.6 + 2.3v 

(21) 

[15] 
Ta,G,ν, τ,α, η, Ul 

TPV =
UVTa + G × (αcτ − ηstc(1 − βTref )(1 + γLn(

G
Go

)

Uv + βηref ((1 + γLn(
G
Go

)G
Uv = 26.6 + 2.3 v, (τα) = 0.81 

(22) 

King et al. cited in [15] Ta,G,ν, τ,α, η, Ul [(τα) − η ]G = UV (TPV − Ta )Uv = 26.6 + 2.3 v, (23)  
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a comprehensive understanding of the diverse methods and equations 
employed in the calculation of PV module temperatures. While previous 
research has explored the effects of dust on transmittance, it frequently 
neglects other crucial dust-related factors, including absorption and 
emittance. These parameters are of utmost importance as they directly 
impact the thermal behaviour of PV. This research is geared towards 
enhancing the precision of PV temperature estimations, consequently 
bolstering the effectiveness of PV technology, by addressing these often- 
overlooked factors. Comprehending the intricate effects of dust accu
mulation is essential to estimate PV module temperature. 

Therefore, this study employs detailed experiments and advanced 
mathematical models to investigate the impact of dust on PV module 
temperature.  

• Detailed investigations have been made into the influence of dust 
characteristics on light absorption, transmission, and heat dissipa
tion. Using UV–vis Spectroscopy, transmittance and absorbance of 
the dust layer are measured. Concurrently, the emissivity of dust- 
coated PV surfaces is determined using the advanced INGLS 
TIR100-2 measuring device.  

• Building on these empirical findings, the study introduces a novel 
mathematical model that integrates dust characteristics, meteoro
logical variables, and PV parameters. This comprehensive frame
work provides precise temperature estimations, addressing gaps in 
existing studies which often overlook the role of dust characteristics 
on internal heat transfer processes within PV modules. 

• The approach extends from theoretical foundations to practical ap
plications, validating the developed model by comparing its pre
dictions against actual temperature variations observed in dusty PV 
systems. 

• In a comparative evaluation, the model demonstrates superior per
formance over existing mathematical models, especially in dust 
weather condition, highlighting its potential for broader applica
bility and enhanced accuracy. 

2. Methodology 

This paper introduces an approach to establish a mathematical cor
relation between dust properties and the thermal performance of PV 
modules. The methodology comprises two interrelated components: a 
theoretical framework involving mathematical correlations and an 
empirical approach that validates these correlations. The study is con
ducted in an arid environment, encompassing the location, experimental 
setup, and procedure for dust collection during regional storms. 
Analytical techniques are employed to characterize the chemical 
composition of the collected dust, along with measurements of its 
emissivity and optical properties. Outdoor experiments involving 
various PV modules are conducted to validate the developed mathe
matical correlations. Subsequent sections will offer a comprehensive 
overview of these key facets of the methodology. 

2.1 Development of mathematical correlations 

This study endeavours to construct a robust mathematical model that 
comprehensively addresses the intricate correlation between dust 
accumulation and PV module temperature. The research employs two 
interconnected strategies to explore the relationship between dust 
accumulation and PV module temperature. The first strategy prioritises 
by treating the PV module as a single-layer structure. Conversely, the 
second strategy involves a more comprehensive analysis that considers 
the PV module’s five-layer composition. This advanced approach in
corporates heat transfer mechanisms within each layer to ensure the 
model accurately mirrors real-world conditions. The model is meticu
lously tuned to encompass both the complex thermal behaviours of the 
PV module and the distinctive characteristics of its multiple layers. 

2.1.1. Simplified dusty PV module energy balance equation 
Initially, the study concentrates on treating the PV module as a single 

layer to simplify the comprehension of the energy balance equation and 
to provide a more straightforward representation. This approach facil
itates a more concise demonstration of the energy balance equation for a 
dusty PV glass surface. Fig. 1 illustrates that solar energy is converted 
into electrical power, with significant portion remaining as heat. Typi
cally, this heat is released into the atmosphere through convection and 
radiation from both sides of the PV module. 

The energy balance equations are formulated under specific as
sumptions governing heat transfer. These assumptions encompass one- 
dimensional heat transfer within a single PV layer and steady-state 
conditions. These simplifications are made to streamline mathematical 
calculations while retaining the core understanding of the PV module’s 
thermal behaviour. As evident in Fig. 1, the energy balance equation for 
the dusty PV surface can be represented by Eq. (24) as follows: 

Qin = Qout

Qabs(dust + PVcell) = Qgen + (Qconv + Qrad)

αdG + ταcG(1 − ηPV ) = 2h(TPV − Ta) + 2hr(TPV − Tsky)

TPV =
[αdG + ταcG(1 − ηPV ) + 2hrTsky + 2hcTa]

2(h + hr)

(24)  

where, Qin represents the energy input to the PV module, which includes 
the heat absorbed by the dusty layer and PV cell (Qabs = αdG + ταcG). 
Qout represents the energy output from the PV layer, including heat loss 
to the atmosphere through convection (Qconv = Qconvection) and radiation 
(Qrad = Qradiaition). G represents solar radiation, h and hr (convection and 
radiation heat transfer coefficients) can be calculated as described in 
Eqs. (25) and (26) [37]. Additionally, the properties of the PV module 
include absorption coefficient (αc), emissivity (∊PV), and temperature of 
PV module (TPV). Ta represents ambient temperature, and Tsky represents 
sky temperature, which can be calculated by Eq. (27) as follows [38]: 

hr = ∊PV σ(T2
PV + T2

sky)(TPV + Tsky) (25)  

h = 11.9+ 2.2ν (26)  

Tsky = 0.0552Ta1.5 (27) 

This simplified energy balance equation captures the fundamental 
heat transfer processes between the dusty PV glass surface and its sur
roundings. The equation takes into consideration the absorbed solar 
radiation, heat conduction, convection, and radiation, offering a concise 
representation of the thermal interactions responsible for the tempera
ture increase of the PV module due to dust accumulation. Further 
elaboration on the intricate thermal behaviour of dust will be compre
hensively discussed in the subsequent section, providing a detailed 
insight into its effects on the PV temperature. 

The temperature equation for the clean PV module remains identical 
to that of the dusty scenario, except it omits the initial temperature 
affected by dust absorption, denoted as αdG. 

2.1.2. Five-Layer structure PV module energy balance equation 
This subsection focuses on the thermal model, which takes into ac

count the distinct layers, including the PV module. These layers 
comprise the glass, EVA1, PV cell, EVA2, and Tedlar, as depicted in 
Fig. 2A. Each layer is treated as a separate node in the model, and energy 
balance equations are established for each node, as shown in Fig. 2B. 
These equations encompass each layer’s energy input and output and 
incorporate various environmental factors to replicate real weather 
conditions. 

The energy balance equations are formulated under specific as
sumptions concerning the heat transfer process. These assumptions 
encompass one-dimensional heat transfer within each layer, steady-state 
conditions with constant temperature within each layer, and negligible 
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temperature variations across the layers. These simplifications are 
introduced to streamline the mathematical calculations while still 
capturing the fundamental thermal behaviour of the PV module. 

The analysis comprises two stages: Firstly, the thermal model is 
applied to analyse the clean PV module, representing dust-free condi
tions. This initial analysis unveils the PV module’s temperature distri
bution and performance characteristics under ideal conditions. 
Secondly, the model is expanded to account for dust accumulation on 
the PV surfaces. By incorporating the effects of dust particles, the ther
mal model quantifies the resulting temperature and performance 
changes. The derived energy balance equations facilitate a comparison 
with the baseline, shedding light on the impact of dust accumulation on 

the module’s behaviour. 

2.1.2.1. Clean PV. The energy balance equation for the PV glass surface 
can be represented by Eq. (28) as follows: 

Qin = Qout

Qabs + Qcond = (Qconv + Qrad)

αgG +
kg

Lg
(TE1 − Tg) = h

(
Tg − Ta

)
+ ∊gσ

(
T4

g − T4
sky

)
(28) 

Qin represents the energy input to the glass layer, which includes the 
heat absorbed by the glass (Qabs = αgG) and the heat conducted from the 

Fig. 1. Comparative visualization of energy flow input and output analysis in clean and dust PV modules.  

Fig. 2. A. Typical solar module components materials and B. Thermal equivalent circuit.  
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second layer EVA (Qcon = Qconduction). Qout represents the energy output 
from the glass layer, including heat loss to the atmosphere through 
convection (Qconv = Qconvection) and radiation (Qrad = Qradiation). TE1 
represents the temperature of the EVA1 layer. Additionally, the prop
erties of the glass layer include absorption coefficient (αg), thickness 
(Lg), thermal conductivity (kg), emissivity (∊g), and temperature of the 
PV glass layer (Tg). 

In the second layer EVA1, the energy balance equations can be 
expressed by Eq. (29) as follows: 

Energy balance equation for EVA1 layer: 

Qin = Qout

Qabs + Qconc→EVA1 = QconEVA1→g

αEG +
kE

LE
(Tc − TE1) =

kg

Lg
(TE1 − Tg)

(29)  

where Qin represents the energy input to the EVA1 layer, which includes 
the absorbed heat from by EVA1 (αEG) and the heat conducted from the 
PV cell layer Qconc→EVA1. Meanwhile, Qout represents the energy output 
from the EVA1 layer, the heat conducted to the PV glass layer. 
QconEVA1→g. Additionally, the properties of the EVA1 layer include ab
sorption coefficient (αE), thickness (LE), thermal conductivity (kE), and 
temperature of the PV cell (Tc). 

For the PV cell layer, the energy balance equation can be expressed 
by Eq. (30) as follows: 

Qin = Qout

Qabs = Qgen + Qconc→E1 + Qconc→E2

ταcG = ταcGηPV +
kE

LE
(Tc − TE1) +

kE

LE
(Tc − TE2)

ταcG(1 − ηPV) =
kE

LE
(Tc − TE1) +

kE

LE
(Tc − TE2)

(30) 

Qin represents the solar energy striking the PV cell layer, which is the 
absorbed heat from solar radiation (ταc G) multiplied by the trans
mittance factor that accounts for the absorption or reflection of sunlight 
by the surface of preceding layers. Qout represents the generated elec
trical power and the heat conducted to the EVA1 and EVA2 layers. 
Additionally, the properties of the PV cell include transmittance ab
sorption coefficient (ταc), PV efficiency at working conditions (ηPV), 
which depends on the PV cell temperature as expressed in Eq. (31) [39]. 

ηPV = ηref ( 1 − β( Tc − Ta(ref )) (31)  

where, ηref is the PV efficiency at STC (1000 Wm− 2, 25 ◦C), β is the PV 
cell temperature coefficient [◦C− 1 ], and Tc is the PV cell temperature 
[◦C]. 

For the fourth layer EVA2, the energy balance equations can be 
expressed by Eq. (32) as follows: 

Energy balance equation for EVA2 layer: 

Qin = Qout

Qconc→EVA2 = QconEVA1→bakc

kE

LE
(Tc − TE2) =

kb

Lb
(TE2 − Tb)

(32)  

where, Qin represents the energy input to the EVA2 layer, which is the 
heat conducted from the PV cell layer Qconc→EVA2. Meanwhile, Qout 
represents the energy output from the EVA2 layer, which is the heat 
conducted to the PV back layer (Tedler) QconEVA2→b. Tb is the back 
surface temperature of the PV module, and kb and Lb denote the thermal 
conductivity and thickness, respectively, of the back surface of the PV 
module. 

For the Tedlar layer (back surface of PV), the energy balance equa
tion can be expressed by Eq. (33) as follows: 

Qin = Qout

QconE→b = Qconv + Qrad

kb

Ld
(TE2 − Tb) = hA( Tb − Ta) + ∊bσA

(
T4

b − T4
sky

)
(33)  

where, Qin represents the energy input to the Tedler layer, which is the 
heat conducted from the EVA2 layer QconE2→b. Qout represents the en
ergy output from the Back surface, which includes the heat loss to the 
atmosphere through convection (Qconv = Qconvection) and radiation (Qrad 
= Qradiation). ∊b is the emissivity of the back layer of the PV module. 

2.1.2.2. Dusty PV. The PV glass surface layer is primarily affected when 
dust accumulates on a PV module. The presence of dust on the module 
surface results in heat transfer through three main mechanisms [40]:  

• Conduction: Heat is transferred between the PV module and dust 
particles and among the dust particles themselves.  

• Convection: Heat is exchanged through convective heat transfer 
between the dust particles and the surrounding environment, as well 
as between the PV module and the surrounding environment.  

• Radiation: Heat is radiated from the dust particles to other particles 
and from the particles to the sky. Additionally, heat is radiated from 
the PV module surface to the sky and the dust. Fig. 3 illustrates the 
different pathways of heat transfer. 

However, due to the thermal equilibrium among dust particles and 
PV glass surface, the combined conduction and radiation heat transfer 
among dust particles can be neglected. Furthermore, because the dust 
particles are significantly smaller than the surface area of the PV mod
ule, radiant heat transfer does not occur, as the view factors between the 
particles and the PV surface are near zero bb. Therefore, this study will 
assume the primary impact is on the absorption of the glass surface. 
Consequently, the main distinction between dusty and clean PV modules 
lies in the glass layer, where the equation will be given in Eq. (34) as 
follows: 

Fig. 3. Heat transport mechanisms in the dusty front side surface of the module 
- conduction (1), convection (2), and radiation (3). 
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Qin = Qout

Qabs(g + d) + Qcond = (Qcon + Qrad)

(αg + αd)G +
kg

Lg
(TE1 − Tg) = h

(
Tg − Ta

)
+ ∊dgσ

(
T4

g − T4
sky

)
(34) 

Qin represents the energy input to the glass layer, including the heat 
absorbed by the glass and dust layer and the heat conducted from the 
second layer. Qout represents the energy output from the glass layer, 
which includes heat loss via convection and radiation. Additionally, the 
properties of the dust layer include αd (absorption coefficient) and ∊dg 
(emissivity). 

Considering these factors, this study assumes that the combined 
impact of dust accumulation primarily affects the absorption on the glass 
surface, which is the primary reason for the increase in the PV surface 
temperature. As the dust settles on the PV module surface, it reduces the 
transmittance of solar radiation through the glass, resulting in higher 
absorption of solar energy by the dusty module. This increased ab
sorption leads to an elevation in the PV surface temperature, impacting 
the overall performance and efficiency of the PV module. 

Therefore, the flowchart in Fig. 4 illustrates the equations used to 
calculate the impact of dust on PV temperature, along with the primary 
devices required to measure the dust parameters. These devices have 
been employed to replicate real-world conditions and ensure accurate 
calculations. The flowchart outlines the step-by-step process of ac
counting for dust effects on PV temperature, considering the altered 

transmittance and absorption on the glass surface due to dust accumu
lation. By utilising the measured dust parameters and applying the 
derived equations, valuable insights are gained into the PV module’s 
actual temperature rise and performance changes under dusty 
conditions. 

The calculation equations will integrate additional pertinent values 
and parameters from Table 2, which includes parameter values obtained 
from published work. These parameters encompass thermal conductiv
ity (k), thickness (L), transmittance, and absorption coefficients for clean 
PV materials, all of which are crucial for precise assessments. However, 
to accurately estimate the behaviour of the dusty PV module, further 
investigation will be necessary to ascertain the parameters specific to 
dusty conditions. This meticulous approach guarantees a more accurate 

Fig. 4. Flowchart for estimating the impact of dust on PV temperature.  

Table 2 
Properties of different layers in PV modules [41,42].  

No Layer Properties 

Length L 
(mm) 

Thermal 
conductivity k 
(Wm¡1K¡1) 

Emissivity Absorptivity 

1 Glass 3 0.9  0.88  0.2 
2 EVA1,2 0.5 0.35   0.02 
3 PV cell 0.3 148   0.85 
5 PV 

back 
0.1 0.2  0.87  0.5  
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and realistic estimation of the impact of dust on the PV module’s 
behaviour, facilitating a comprehensive analysis and dependable results. 

2.2 Study location and experimental setup 

Dust phenomena fall under the category of dry climatic events 
originating from the thermal heating of the air near the Earth’s surface 
[43]. These phenomena are especially prevalent in arid and semi-arid 
locations, such as the Middle East and North Africa [44]. Given the 
ideal conditions in these areas for studying the effects of dust on PV 
modules, this research is concentrated on data collection in Iraq. Iraq is 
characterized by high ambient temperatures, intense solar radiation, 
and frequent dust storms resulting in substantial dust accumulation. 
This unique combination of factors makes Iraq an apt location for 
investigating the impact of dust on PV module temperature. 

For this study, dust samples were collected from two distinct regional 
dust storms in Iraq. By obtaining dust samples from these regional dust 
storms, the research aims to analyse the collected dust’s characteristics 
and composition and investigate their influence on the temperature and 
performance of PV modules. This data collection approach enables a 
comprehensive examination of the variations in dust properties and 
their potential impact on PV systems in Iraq. 

2.2.1. Dust collection procedure 
The experimental setup involved strategically placing a large 4 × 4 m 

plastic sheet outdoors to capture dust during regional dust storms. When 
a dust storm occurred, the wind transported dust particles that settled 
and accumulated on the sheet. This method facilitated the collection of 
dust samples from multiple dust storms, enabling a comparative analysis 
of their characteristics and effects. The sheet remained in position 
throughout the dust storm to capture a representative sample of the 
deposited dust. Once the dust storm subsided, the plastic sheet with the 
accumulated dust was carefully gathered to preserve the sample’s 
integrity. 

The collected dust samples were stored in a controlled environment 
to prevent any alteration of their properties. Subsequently, the collected 
dust samples underwent various analyses, including physical and 
chemical characterisation, to determine properties such as particle size, 
shape, chemical composition, emissivity, transmittance, and absorption. 
These analyses provided a comprehensive understanding of the dust 
samples’ characteristics and their potential effects on the performance of 
PV modules. By employing this collection method and conducting a 
thorough analysis, the study aimed to gain insights into the variations in 
dust composition and characteristics, enhancing the understanding of 

the impact of dust on PV module temperature and performance. 

2.2.2. Dust characterization 
The fundamental properties of the collected dust samples were 

investigated to gain a comprehensive understanding of their 
characteristics. 

2.2.2.1. Chemical parameters of dust. X-ray fluorescence (XRF) analysis 
was utilised to examine the chemical composition of the gathered dust 
samples. This analytical technique entailed subjecting the dust particles 
to X-rays, inducing them to emit distinctive fluorescent X-rays. Subse
quently, the emitted X-rays were measured and scrutinised to ascertain 
the elemental composition of the dust samples. The XRF analysis yielded 
valuable insights into the presence and concentration of various ele
ments within the dust. 

2.2.2.2. The emissivity of the dusty PV surface. The emissivity of the 
dusty PV surface was determined using the thermal emissivity 
measuring device (INGLAS TIR100-2), as depicted in Fig. 5. Prior to 
conducting the measurements, the instrument underwent preheating 
over an hour to ensure temperature stability. Calibration of the instru
ment was achieved using two reference surfaces with known emissivity 
values: white and black surfaces. Subsequently, the collected dust 
samples were uniformly distributed on the PV surface, and emissivity 
measurements were recorded. This procedure was repeated for varying 
amounts of dust and samples from different dust storms, enabling the 
capture of a broad spectrum of emissivity values. 

2.2.2.3. Optical properties of the dusty PV surface. Small glass sheets 
(25.4 × 76.2 mm) were coated with the collected dust particles to 
examine the transmittance and absorption characteristics of the dust, as 
illustrated in Fig. 6. These dust-coated glass sheets underwent analysis 
using UV–vis Spectroscopy Instrumentation following established stan
dards. The UV–vis Spectroscopy analysis offered insights into the 
transmittance and absorption properties of the dust samples, facilitating 
a deeper comprehension of their optical influence on PV systems. 

All experiments, including XRF analysis, emissivity measurements, 
and transmittance and absorption analysis, were conducted by estab
lished standard methods in a specialized laboratory. 

2.3. Outdoor experimental setup 

The outdoor experiments were conducted in Baghdad, Iraq, under 
outdoor conditions to replicate real weather conditions. 

Fig. 5. Demonstrates dusty PV emissivity measurement. B: emissivity measurement principle for the tir100-2. A: photographic representation of the device.  
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An outdoor experiment involved the utilisation of three identical PV 
modules with specific technical specifications, as detailed in Table 3. 
Each module served a specific purpose:  

• Reference Panel: A clean PV module was utilised as the control group 
to establish baseline performance.  

• PV Module 2: The PV module is exposed to a specific type and 
quantity of dust to simulate real-world environmental conditions.  

• PV Module 3: Exposed to a different type of dust with the same 
quantity to provide data concerning the influence of diverse dust 
compositions. 

All three PV modules were affixed to a custom-built frame, ensuring 
that they were aligned in the same orientation and tilt angle for 
consistent measurements. The orientation was adjusted to guarantee 
direct sunlight exposure, and the tilt angle was regularly modified to 
maintain optimal solar energy absorption. 

During the outdoor experiments, the following parameters were 
consistently measured and recorded:  

• Temperature Data: Ambient temperature was monitored using 
thermal couples to record the environmental temperature, while 
thermal cameras were employed to measure the temperature of each 
PV module at regular intervals.  

• Solar Radiation: Solar irradiance incident on the PV modules was 
documented using pyranometers.  

• Other Environmental Factors: Additional environmental factors, 
such as wind speed, were measured using a wind speed meter.  

• The Solar Module Analyzer was utilised to assess the performance 
and output of each PV module, providing valuable data on efficiency 
and power generation under varying dust conditions. 

Fig. 7 illustrates the outdoor experiment setup, depicting the posi
tioning of three identical PV modules, the custom-built frame, and the 
array of measurement tools employed for data collection during the 
study. The instruments and devices utilised for data collection in the 
outdoor experiment are detailed in Table 4, which provides information 
about the equipment’s make, model, accuracy, and measuring ranges, 
including pyranometers, thermal cameras, wind speed meters, and the 
solar module analyzer. 

To gain a comprehensive understanding of the effects of dust accu
mulation on PV modules, two sets of experiments were conducted to 
investigate the impact of both the quantity and composition of dust on 
PV temperature and performance. To align the study with real-world 
conditions, dust samples were collected from two regional dust storm 
events that occurred in Middle Eastern countries on May 13 and May 23, 
2022. These samples, identified as “Dust Sample 1” and ”Dust Sample 
2,“ directly represent actual environmental conditions. Two different 
dust amounts were considered: 9.2 and 18 g/m2. The experimental data 
has been organized in Table 5 for ease of reference and to maintain 
clarity. 

The outdoor experiments were conducted during the summer season 
and on a hot day, precisely from 11:30 a.m. to 1:30 p.m. This timeframe 
was chosen to precisely assess the impacts of varying dust levels and 
compositions on the temperature and performance of the PV modules. It 
also enabled the observation of variations in environmental conditions 
and seasonal changes that might affect the PV modules’ performance. 
The experiments were repeated multiple times to ensure the reliability 
and validity of the results. Each replication was conducted under similar 
conditions, ensuring consistency in the setup and data collection 
procedures. 

3. Result and discussion 

The study’s results and discussion section have been divided into 
three main categories. Firstly, the dust properties are presented. This 
section includes the results obtained from laboratory tests conducted by 
specialists to measure dust properties, such as transmittance, absorp
tance, emissivity, and the chemical composition of the dust. 

Secondly, the outcomes of the theoretical model have been 
compared with the outdoor results to determine the accuracy of the 
proposed mathematical model. 

Finally, the outdoor results have been presented and analysed. This 
section encompasses the experiments’ results obtained from three PV 
modules installed outdoors under realistic weather conditions, including 
PV module temperature performance. 

In each of these categories, a detailed analysis and discussion of the 
results are provided to offer a comprehensive understanding of the 
impact of dust on PV performance. 

3.1 Characteristics and chemical composition of the dust sample 

The dust samples used in this study were collected during Iraq’s 
regional dust storms on the 13th and 23rd of May 2022. The investi
gation aimed to understand the chemical and optical properties of dust 
and their influence on PV temperature. 

3.1.1. Chemical analysis 
To elucidate the chemical composition of the dust samples, the XRD 

method was employed. The results from this analysis are visualized in 
Fig. 8, which depicts the XRF scan showing the proportion of various 
elements in each dust type. A comprehensive breakdown of the chemical 
composition is provided in Table 6. Notably, the results highlight the 
presence of significant components, including Si, Al, Fe, Ca, Mg, S, and 

Fig. 6. Glass sheets coated with the collected dust for sample 1 and 2.  

Table 3 
The PV module’s technical specifications.  

Maximum power at STC 
(Pmax) 

10 (W) Cell type Monocrystalline 

The voltage at the 
maximum power point 
(Vmp) 

17.6 
(V) 

N. cell 36 

Current at the maximum 
power point (Imp) 

0.57 
(A) 

Dimensions 320 × 350 (mm) 

Open circuit voltage (Voc) 21.6 
(V) 

Weight 1 kg 

Short circuit current (Isc) 0.62 
(A) 

Power temperature 
coefficient 

− 0.36 %/oC2 

NOCT 45 ◦C Power measurement 
tolerance 

− 0.03  
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K, among others. The proportions of these elements are detailed below. 
These findings played a pivotal role in comprehending material prop
erties and their influence on PV performance, with slight observation 
between the two samples. 

3.2 The optical characteristics 

The optical characteristics of the dust samples held significant 
importance in this study, given their crucial role in understanding 
developing an accurate model for assessing the impact of dust on PV 
temperature. Precise measurements and analyses were conducted to 
investigate the dust samples’ transmittance, absorption, and emissivity 
properties. This rigorous approach was taken to ensure the reliability 

and validity of the developed model, emphasizing the importance of 
employing accurate data rather than estimated values. 

Figs. 9 and 10 illustrate the transmittance and absorbance results 
obtained from the UV–vis Spectroscopy for two different types and two 
different weights of dust (dust sample 1 (dust 1), dust sample 2 (dust 2)). 
These graphs depict variations in transmittance and absorption attrib
utable to dust type and weight. The data analysis allows for a deeper 
understanding of how different dust compositions and densities affect 
light transmission and absorption through the samples. These measured 
values serve as crucial inputs for the proposed model, enabling the ac
curacy of the assessment of the dust’s effects on PV modules. 

3.2.1. The emissivity of PV module 
Emissivity, another critical optical property, was examined in the 

laboratory experiments using the INGLAS TIR100-2 Thermal emissivity 
measuring instrument, as described in the methodology Section above. 
Emissivity plays a significant role in determining the radiative heat 
transfer characteristics of PV surfaces covered with dust. The measured 
emissivity data for different dust types and densities are presented in 
Table 7. 

The optical results, summarized in Table 7, offer valuable insights 
into the potential impact of different dust types on various applications 
and systems. This table highlights the optical properties of the dust, 
essential for refining the calculations of the developed equations and 
accurately assessing the effects of dust on PV temperature. 

A comprehensive understanding dust’s complex chemical and opti
cal properties is essential for refining the calculations of the developed 
equations and accurately assessing the effects of dust on PV temperature. 

The observed trends in the optical properties provide insights into 
the behaviour of dust-covered surfaces and their influence on PV per
formance. As the amount of dust increased, the transmittance decreased, 
highlighting the obstructive nature of higher dust densities. Conversely, 
absorption and emissivity values increased with higher dust density, 
indicating greater light interaction and heat radiation. These 

Fig. 7. Illustrates the arrangement of the outdoor experiment with the three identical PV modules.  

Table 4 
Instrument device and specification used in the outdoor experiment.  

Experimental 
equipment 

Manufacturer and model Measurement 
error 

Pyranometers RS PRO Solar Power Meter 
ISM400 

±10 W/m2 

Thermometer Uni-T UT320D ± (0.5 %＋1) 
Solar module analyzer PROVA 200 ±1% 
Digital anemometer UNI-T UT363 ± 0.1 m/s 
Thermal camera Fluke Ti10 ±2◦C  

Table 5 
Experimental test samples.  

Test set Dust sample Dust weight (g/m2) 

Test set 1 Dust sample 1 18 
Dust sample 2 18 

Test set 2 Dust sample 1 9.2 
Dust sample 2 9.2  
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fluctuations in optical properties underscore the significance of using 
accurate data to estimate the impact of dust on PV temperature. 

When comparing different dust types, slight variations in the optical 
property values were observed, attributed to the distinct compositions 
and sizes of dust particles in each sample. Variations in chemical 
composition can alter the optical properties, affecting scattering and 
absorption characteristics, while differences in particle size can further 
influence the optical behavior of the dust samples. Understanding these 
variations is crucial for accurately modeling the impact of specific dust 

types on PV modules. These intricacies in dust properties lead us to the 
next phase of our study, focusing on real-world implications. 

3.2.2. Outdoor results 
Building upon the insights gained from the analysis of dust proper

ties, the primary objective of the outdoor experiments was to validate 
the developed mathematical calculations for estimating PV temperature 
under dusty conditions. Three PV modules were used: one was kept 
clean, while the other two were exposed to different dust compositions, 
weighing 0.9 g and 1.8 g, respectively. 

Fig. 11 illustrates thermal imaging conducted using the thermal 
camera, as detailed in the methodology section. This visualization pro
vides a comprehensive understanding of the temperature distribution 
across the PV modules. The thermal images vividly demonstrate a cor
relation between the dust accumulation on the PV modules and elevated 
PV cell temperatures. As shown in Fig. 11, distinct temperature points 
are indicated with accompanying temperature readings. This tempera
ture fluctuation is crucial for comprehending how the PV modules 
respond to varying dust levels and how this interaction impacts their 
thermal behaviour. 

The PV analyser (PROVO 2000) evaluated the electrical performance 

Fig. 8. The XRF Scan shows the proportion of various elements and materials in each dust type.  

Table 6 
The proportion of various elements and materials present in each dust type.  

Element Dust Sample 1 (13-May) Dust Sample 2 (23-May) 

Si (%)  30.31  31.35 
Al (%)  9.27  9.80 
Fe (%)  9.49  9.70 
Ca (%)  34.78  34.80 
Mg (%)  5.01  5.01 
S (%)  5.47  3.50 
K (%)  2.69  2.82  
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of the PV modules. Fig. 12 presents the I-V characteristics of the clean 
and dusty PV modules. The clean PV module exhibited the expected V-I 
curve (Fig. 11A). In contrast, the dusty PV modules exhibited deviations 
(Fig. 11B) attributed to the impact of dust on the module’s optical 
properties, which influenced its efficiency and electrical output. 

The analysis revealed a significant impact on PV current due to the 
reduced incident light intensity reaching the PV cell. However, the effect 
on PV voltage was relatively minor, as dust accumulation mainly 
influenced the optical properties of the light-absorbing layer. Overall, 

Fig. 9. Transmittance trends of different dust types and amounts.  

Fig. 10. Absorption trends of different dust types and amounts.  

Table 7 
Dust sample optical properties: changes in optical properties with varying dust 
densities and chemical compositions.  

Dust 
type 

Transmittance Absorptance Emissivity  

9.2 g/ 
m2 

18 g/ 
m2 

9.2 g/ 
m2 

18 g/ 
m2 

9.2 g/m2 18 g/m2 

Dust 1 56 %) 41 %  0.25  0.39  0.871  0.886 
Dust 2 62 % 40 %  0.21  0.4  0.889  0.902  
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the dusty PV modules experienced considerably lower electrical power 
output. 

In addition to temperature data, the outdoor experiments collected 
other crucial atmospheric environment parameters using the mentioned 
devices. These parameters, including solar irradiance (G), wind speed 
(V), and ambient temperature (Ta), are vital for developing accurate 
calculations and validating the developed models. Table 8 presents a 
comprehensive set of these parameters alongside the electrical and 
temperature measurements of the clean and dusty PV panels. Combining 
these atmospheric parameters with the temperature data enables a more 
thorough analysis of the impact of dust on PV performance under 
varying environmental conditions. 

These findings underscore the effects of dust on PV systems and 

emphasise how different dust compositions and weights directly influ
ence PV cell temperature and electrical output power. The data from the 
outdoor experiments offer conclusive evidence of the substantial impact 
of dust on PV temperature and performance, prompting a deeper dive 
into the theoretical framework that governs these interactions. The rise 
in PV cell temperature and the variations in electrical characteristics due 
to dust accumulation highlight the importance of precise estimations of 
PV temperature and other atmospheric parameters. 

3.3. Simulation results 

In light of the empirical evidence obtained from the outdoor exper
iments, the study employed an iterative solution process facilitated by 

Fig. 11. Thermal Imaging Comparison (A) Thermal imaging captured using a thermal camera, highlighting temperature variations. (B) Visible image.  

Fig. 12. V-I (Voltage-Current) Characteristics of PV Modules: (A) V-I of a Dusty PV Module, and (B) V-I of a Clean PV Module.  

Table 8 
Outdoor data results for weather conditions, PV temperature, and output power for the clean and dusty PVs.   

Weather data Clean PV Dusty sample 1 Dusty sample 2  

Time Solar irradiance G (w/ 
m2) 

Wind speed v 
(m/s2) 

Ambient temperature Ta 

(oC) 
TPV 

(oC) 
Power 
(W) 

TPV 

(oC) 
Power 
(W) 

TPV 

(oC) 
Power 
(W) 

Test 1 
18 g/ 
m2 

10:20 910  0.5  44.0  67.50  7.46  68.2  3.78  66.8  3.21 
10:40 930  1.2  44.8  63.80  7.80  66.8  3.86  66.2  3.24 
10:50 930  1.0  45.0  63.00  7.95  66.8  3.90  65.3  3.28 

Test 2 
9 g/m2 

11:30 950  0.5  45.7  64.5  7.49  69.6  4.43  67.2  4.92 
11:50 938  0.5  47.5  66.00  7.61  70.3  4.23  68.8  4.89  
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the Engineering Equation Solver (EES) software to effectively address 
the complex thermal dynamics of a multi-layered PV module under 
changing weather conditions. The entire process can be summarised in a 
flowchart that outlines the sequential steps to achieve the desired re
sults, as depicted in Fig. 13. 

The flowchart emphasises the iterative solution process enabled by 
the EES software for solving a complex equation system. It specifically 
addresses the intricate thermal dynamics of a multi-layered PV module 
under varying weather conditions. The process commences with the 
initialisation of variables and the establishment of initial temperature 
estimates. Through iterative cycles, EES computes temperature- 
dependent properties and heat transfer coefficients among the layers. 
Net heat transfer rates are then analysed, and variables are updated 
using energy balances and layer-specific equations. A convergence 
check, which measures the disparities between current and previous 
values, guides the process. Revised estimates are employed if conver
gence is not achieved, sustaining the iterative loop until the defined 
convergence criterion is met. Upon satisfaction of this criterion, the loop 
concludes, yielding a set of reliably estimated PV layer temperatures 
that constitute the solution. EES orchestrates this complex process by 
integrating weather data, properties of the PV material, and experi
mental details to achieve a dependable and effective solution for the 
equations. These solutions then needed empirical validation to confirm 
their accuracy and reliability. 

3.4. Validation of mathematical model 

Following the derivation of the theoretical solutions, the validation 
process entailed comparing the predictions of the mathematical model 
with the outcomes obtained from the outdoor experiments conducted 
under real-world weather conditions. The temperatures listed in Table 9 
correspond to measurements taken for PV modules in various scenarios. 
To further assess the accuracy of the developed equation, the Mean 
Absolute Error (MAE) method was employed - a dependable metric for 
evaluating predictive precision. Eq. (35) computes the MAE, facilitating 
a comparison between the developed equation and experimental results. 

MAE =
1
n

∑n

i=1

⃒
⃒Tpredicted − Tobserved

⃒
⃒ (35) 

Table 9 presents a comparison between the model’s predictions with 
the corresponding experimental results. The assessment of the model 
predictions and the outdoor experimental data demonstrated a close 
agreement, with MAE of 7.2 and 1.46, respectively. This validation 
confirms the model’s efficacy in capturing the impact of dust on PV 
temperature. The theoretical calculations closely aligned with the 
experimental results, affirming the reliability and consistency of the 
developed equations. To further emphasise the reliability of the devel
oped model, it was pivotal to compare it against existing equations in the 
literature. 

3.5 Comparison with established equations 

Having validated the accuracy and effectiveness of our developed 
correlation equation, it was subjected to further scrutiny through a 
comprehensive comparative analysis with established equations for 
estimating PV temperature in dusty environments. This evaluation 
assessed the equation’s performance by contrasting it with previously 
established mathematical models. To ensure a thorough assessment, the 
developed equation was compared with Eqs. (18)–(23) from the existing 
literature. This subset of equations was selected for their incorporation 
of optical properties and consideration of the reduction in light trans
mission resulting from dust accumulation. The comparison involved 
both actual PV temperature data collected from the author’s outdoor 
experiments and the calculated values using the developed equations 
and the eight selected equations (Eqs. (18)–(23)) designated for 

Fig. 13. Solution process for analysing multi-layered photovoltaic module 
thermal dynamics using EES software. 
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comparison, as presented in Table 10. This comprehensive evaluation 
underscores the importance of accounting for dust parameters to ach
ieve accurate prediction of PV temperature. 

The performance of Eqs. (18)–(23) in predicting dusty PV tempera
ture in dusty conditions is visualised in Fig. 14. This clustered chart 
displays the MAE values, making it easy to compare their performance 
across different experiments. Notably, Eqs. (18)–(23) exhibit strong 
predictive capabilities, but it’s worth noting that the developed equation 
consistently outperforms all others. The results of the comparative 
evaluation clearly underscore the superior accuracy of the developed 
equation. While Eqs. (21) and (22) achieve good predictions for clean 
surfaces, their accuracy diminishes for dusty surfaces. In contrast, the 
new simplified and five-layer equations for PV surfaces demonstrate 
enhanced accuracy, with MAEs of 7.1 and 1.4, respectively. 

The accuracy of the developed equation makes it an excellent tool for 
estimating PV temperature while accounting for the sensitive interaction 
between optical and thermal properties on dusty PV surfaces. The 
study’s findings emphasise the importance of including dust parameters 
for precise temperature estimations. 

4. Conclusion 

In conclusion, this study provides a comprehensive exploration of the 
intricate relationship between dust accumulation and PV module sys
tems. Through systematic experimental analysis and advanced mathe
matical modeling, the research reveals the significant impact of dust on 
PV temperature and efficiency. Employing experimental techniques, 
critical optical properties such as transmittance, absorbance, and emis
sivity are quantitatively examined, shedding light on their crucial role in 
influencing heat transfer within the PV modules. 

The outdoor experiments emphasise elevated PV cell temperatures 
and diminished electrical output power in dusty PV systems, high
lighting the urgent need for accurate PV temperature estimation in dusty 
environments. The developed mathematical models, both the simplified 
one and the one consisting of five derived equations solved by the EES 
program, can accurately predict PV temperatures across different sur
faces with MAEs of 7.1 and 1.4 respectively. Validation against experi
mental data verifies its precision in capturing the nuanced influences of 
dust on PV temperature. 

Furthermore, this study extends to a comparative evaluation of 
established equations, encompassing optical properties and dust-related 
effects. The developed mathematical model emerges as a superior pre
dictor of PV temperature in dusty conditions, exhibiting the lowest MAE. 
This research contributes to a deeper understanding of the intricate 
interplay between dust accumulation and PV module performance. It 
paves the way for future innovations in the field by providing a robust 
framework for analyzing the impacts of dust on PV modules. By inte
grating dust parameters and optical properties, the findings hold pro
found practical implications for accurately estimating PV temperature, 
enhancing efficiency, and ensuring reliability in dusty environments. 

In light of the findings, the study asserts the significance of delving 
deeper into the multifaceted impacts of dust accumulation, and it en
courages the exploration of adaptive strategies and advanced materials 
to mitigate the adverse effects of dust on PV modules. 

Prospects:  

1. Future research should focus on the intertwined effects of dust 
accumulation and high-temperature environments on the long-term 
degradation of PV modules.  

2. Understanding these combined effects can guide the development of 
superior materials and designs that ensure PV modules retain their 
efficiency over extended periods, even in harsh conditions.  

3. Investigations into how dust and temperature extremes impact PV 
module lifespans can inform more effective maintenance practices, 
leading to improved durability and performance.  

4. Research into the combined impacts of dust accumulation and 
extreme temperatures can yield insights into potential weakness and 
pave the way for innovative module designs.  

5. Continued exploration of advanced materials that resist the adverse 
effects of dust accumulation will be pivotal in enhancing the effi
ciency and longevity of PV modules in dusty environments. 

This underscores the pressing need for collaborative efforts and 
interdisciplinary research to advance the field of solar energy and 
address the challenges posed by environmental conditions. 
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Table 9 
The compression results of the experimental, new simplified, and five-layer 
developed models, and the MEA.   

TPV (oC) 
(Experimental data) 

TPV (oC) 
(Simplified 
model) 

TPV (oC) (Five 
layers model) 

Clean PV  67.5  59.0  63.68  
63.8  59.1  63.48  
63.0  59.6  64.08 

Dusty 1 (18 
g/m2)  

68.2  58.6  65.20  
66.8  58.8  65.00  
66.8  59.3  65.60 

Dusty1 (9.2 
g/m2)  

69.6  60.6  67.10  
70.3  62.4  68.60 

Dusty 2 (18 
g/m2)  

66.8  58.6  65.30  
66.2  58.8  65.00  
65.3  59.3  65.60 

Dusty 2 (9.2 
g/m2)  

67.2  60.6  67.00  
68.8  62.4  68.50 

MAE   7.17  1.46  

Table 10 
PV temperature in degrees Celsius (◦C) from experiments, developed and published equations.   

Experiment Simplified model Five layers model Eq. (18) Eq. (19) Eq. (20) Eq. (21) Eq. (22) Eq. (23) 

Clean PV  67.5  59.0  63.68  67.7  69.7  68.4  68.2  67.7  65.3  
63.8  59.1  63.48  69.0  69.7  66.2  65.6  65.3  65.4  
63.0  59.6  64.08  69.2  70.3  67.3  66.9  66.5  65.9 

Dusty 1 18 g/m2  68.2  58.6  65.20  54.3  55.1  48.8  46.3  46.4  44.0  
66.8  58.8  65.00  55.3  55.6  49.0  44.5  44.6  44.8  
66.8  59.3  65.60  55.5  56.0  49.4  45.4  45.5  45.0 

Dusty 1 9.2 g/m2  69.6  60.6  67.10  52.6  53.2  50.1  47.5  47.5  45.0  
70.3  62.4  68.60  54.3  54.9  51.9  49.4  49.4  46.8 

Dusty 2 18 g/m2  66.8  58.6  65.30  54.5  55.4  48.8  46.3  46.4  44.0  
66.2  58.8  65.00  55.6  55.9  49.0  44.5  44.7  44.8  
65.3  59.3  65.60  55.8  56.2  49.4  45.5  45.6  45.0 

Dusty 2 9.2 g/m2  67.2  60.6  67.00  51.5  52.0  49.8  47.1  47.2  44.7  
68.8  62.4  68.50  53.2  53.7  51.5  49.0  49.1  46.5  
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the work reported in this paper. 
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