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Abstract 
 

The various renewable energy source technologies, Photovoltaics (PV) transforming 

sunlight directly into electricity, have become standard practice worldwide, especially in 

countries with high solar radiation levels.  PV systems have been developed rapidly over 

recent years, and many new technologies have emerged from different producers.  For 

each type of PV module, manufacturers provide specific information on rated performance 

parameters, including power at maximum power point (MPP), efficiency and temperature 

factors, all under standard solar test conditions (STC) 1000 W/m². Air.  In addition, the 

mass (AM) of 1.5 and the cell's temperature was 25 ̊C.  

Unfortunately, this grouping of environmental conditions is infrequently found in outdoor 

conditions.  Also, the data provided by the manufacturers are not sufficient to accurately 

predict the performance of photovoltaic systems in various climatic conditions.  Therefore, 

monitoring and evaluating the performance of the off-site systems is necessary. 

This thesis aims to overview various photovoltaic technologies, ranging from crystalline 

silicon (c-SI) to thin-film CdTe and GiCs. The following are the main parameters for 

evaluating the external units' performance to describe the PV systems' operation and 

implementation.  In addition, a review of the impacts of various environmental and 

operational factors, such as solar radiation, temperature, spectrum, and degradation.   
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Symbol 

Acell 

Definition 

Cell's active area 

Unit 

m2 

m2 

m2 

Afins Area of the finned Surface 
Ai Area of the i-surface of the fins 
CL Characteristic length M 
cp Specific heat capacity J/K 
D Diameter M 
Eref AM1.5 reference spectrum W/m2nm 
FF. Cell's fill factor  

Fi,k 

g 

View factor between the surfaces i and k 

Gravitational acceleration 

 

 

m/s2
 

Gr Grashof number  

h Heat transfer coefficient W/m2K 
H Fin height M 
hfins Heat transfer coefficient of a micro-finned surface W/m2K 
hm 

htot 

Mass specific heat transfer coefficient 

Average heat transfer coefficient 

W/kgK 

W/m2K 
IDC Currant provided by the DC supply A 
IF Diode's forward current A 
IR Diode's reverse current A 
IS 

J 

Cell's short circuit current 

Current density 

A 

A/m2
 

k Thermal conductivity W/mK 
kB Boltzmann constant J/K 
Kn Knudsen number  

L Length of the micro-fins M 
l Length M 
Lmax Maximum length M 
n Ideality factor  

Ncell Number of cells  

Nfins Number of fins  

Nuloss Nusselt number of the insulating case surfaces  

Nw Number of wires  

Pr Prandtl number  

Q Heat power W 
q Conduction heat flux W/m2

 

qel Elementary charge C 
Qcell Waste heat produced by the cell W 

 
Qfins 

Qin 

Heat dissipated by a micro-finned surface by convection 

Heat produced by the heater 

W 

W 

QJ. Heat generated because of the Joule losses W 
Qloss Heat lost by the insulating case W 
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Qr 

Q’v 

Heat dissipated by a micro-finned surface by radiation 

Volumetric heat source 

W 

W/m3
 

r Hydraulic radius m 

R Thermal resistance K/W 

R* Thermal resistance per unit of Surface Km2/W 

Ra Rayleigh number  

Rel Electrical resistance Ω 

s Spacing between the fins m 

SR. Spectral response A/Wnm 

T Temperature K 

t Thickness m 

tb Fin base thickness m 

Tback Temperature of the back surface of the insulating case K 

Tcell Cell's Temperature K 

Tfins 

vair 

Temperature of a micro-finned surface 

Kinematic viscosity of the air 

K 

m2/s 

VDC Voltage provided by the DC supply V 

VF. Diode's forward voltage drop V 

Vfins Volume of the fins array m3
 

VOC Cell's open-circuit voltage V 

VOCS Subcell's open-circuit voltage V 

VR. Diode's reverse voltage drop V 

w Electrical conductor's width m 

W Fin array's width m 

x Concentrations suns 

z Electrical conductor's thickness m 
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Greek symbols 
 

 

α 

αD 

Coefficient of linear thermal expansion 

Thermal diffusivity 

1/K 

m2/s 
β Coefficient of volumetric thermal expansion 1/K 

ΔLmax 

ΔT 

Maximum expected deformation 

Temperature difference 

m 

K 
ε Material's emissivity  

εfins Fin effectiveness   

θ 

µG 

Tilt angle 

Mean of the Gaussian distribution 

rad 

ν Kinematic viscosity m2/s 

ρ Electrical resistivity Ωm 

ρD 

σ 

Density 

Stefan-Boltzmann constant 

kg/m3
 

W/m2K4
 

σel Electrical conductivity S/m 

σG Standard deviation  
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 Subscripts 
 

air                 Air 

amb              ambient 

c                   Convective 

d                   Layer below the thin resistive layer 

d                   Power dissipated 

fins               Micro-fins 

flat                Flat silicon wafer 

g                   Power generated 

HP              Heat path between the cell and the ambient 

loss               Losses happening on the insulating case             

OC         Open circuit 

p                   Peak power (under standard test conditions) 

r                   Radiative 

S                  Surface 

SC                Short-circuit 

Syl                Sylgard 

Tot               Combination of radiation and convection 

trl                  thin resistive layer 

u                   Layer over the thin resistive layer 

w                  Wire 

Ω                  Ohmic losses 
 

Prefixes 
 

U                  Uncertainty
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Abbreviations 
 
ASTM          American Society for Testing and Materials International (USA) CNT             

Carbon nano-tubes 

CPC             Compound Parabolic Concentrators 

CPV             Concentrating Photovoltaics (or Concentrator Photovoltaics) C.R. 

  Concentration Ratio 

CSTCs         Concentrator Standard Test Conditions 

CTE             Coefficient of Thermal Expansion 

CVD             Chemical Vapour Deposition 

DBC             Direct Bonded Copper 

DC               Direct current 

DNI              Direct normal irradiance 

DRIE            Deep Reactive Ion Etching 

DST             Department of Science and Technology (India) 

DWCNT       Double-walled carbon nanotubes 

ENEPIG       Electroless Nickel/Electroless Palladium/Immersion Gold 

EPSRC        Engineering and Physical Sciences Research Council (UK.) 

EVA             Ethylene-Vinyl Acetate 

FF   Fill factor 

FR4              Flame Retardant, type 4 

HCPV          High Concentrating Photovoltaics 

HiPco           High-pressure carbon monoxide HS 

  Heat Sink 

IEC              International Electrotechnical Commission (Switzerland) 

IEEE            Institute of Electrical and Electronics Engineers (USA) IMM             

Inverted Metamorphic Multijunction 

IMS              Insulated Metal Substrate 

IPC              Association Connecting Electronics Industries 

I.R.   Infrared 

LCPV           Low Concentrating Photovoltaics 

LED             Light Emitting Diode 

LM               Lattice-matched 

MCHS          Microchannel heat sink 

MCPV          Medium Concentrating Photovoltaics 

m-EDWM     Micro-electro discharge wire machining 

MEMS          Microelectromechanical systems 

MHP            Micro-heat pipes 

MJ   Multijunction 
MWCNT       Multi-walled carbon nanotubes 
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NREL           National Renewable Energy Laboratory (USA) 

PCB             Printed Circuit Board 
PDMS          Polydimethylsiloxane 

PMMA          Poly (methyl methacrylate) 

PPMS          Poly (p-methylstyrene) 

PV   Photovoltaics 

PV/T            Photovoltaic/Thermal collectors 

RIE              Reactive Ion Etching 

SEM             Scanning Electron Microscope 

SWCNT       Single-walled carbon nano-tubes 

TIM              Thermal interface material 

UHCPV        Ultra-High Concentrating Photovoltaics 

UV   Ultraviolet
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Chapter 1:  Introduction. 
 

The Earth-Sun, our sun, is a star, in many ways, the most significant star in the solar system.  

The sun is a unique energy source for our universe and our planet.  It radiates more energy 

in one hour than is used globally in one year; currently, solar power is sufficient, in theory, 

to meet all humankind's current and future requirements.Renewable energies are the 

foreseeable future for energy generation. They are the cleanest and most abundant in the 

octave of renewable energies with increasing energy demands. Therefore, the electricity 

sector plays a critical role in supporting economic recovery and a more and more crucial 

long-term role in providing the current and future world requirements. 

  

Photovoltaics:  is the method to convert the sunlight for power generation directly; it is still 

limited; however, there are multiple ways to generate electricity from the earth's sun.  

Direct photovoltaics or solar thermal energy used to drive turbines, battery storage, and fuel 

cells are not fully explicitly developed for solar generation.  Some of these technologies 

have some far-reaching issues in extreme climatic environments.This technology lags in 

solar cell manufacturing from common and or inexpensive materials.  We also require a 

greater understanding of the environmental conditions, such as temperature, humidity, 

wind, and dust, which cause significant performance degradation and losses to the PV 

systems. During a recent overview of renewable energy and photovoltaics, describing this 

solution's limits and current progression for future generation projects, in 2020, solar PV 

was recognised as the cheapest electricity source in history. 

 

This section will consider the challenges of developing solar panels to incorporate 

temperature and environmental conditions.  The solar community, engineers, designers, 

and manufacturers can improve solar panels' performance and reduce production costs. 
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1.1 Introduction.  
 

Renewable energy provides an alternative solution to conventional power.  Renewable 

energy is energy created from a naturally replenished renewable resource. There is an 

octave of carbon-neutral renewable resources; solar, wind, wave, hydro, biomass, and 

geothermal power.The most energy productive of these renewables is solar.  According 

to Prof. Washington Taylor, MIT, the sun produces 173,000 terawatts of solar energy, 

10,000 times more than the world energy use [1].  We can utilise solar cells to capture 

this free energy.  Solar power has been increasing research to understand and resolve 

the associated problem with actual environmental conditions. Temperature, humidity, 

wind, dust, and solar panel output show that ecological conditions temperature, humidity, 

wind, and dust cause significant performance degradation.  

 

The phenomenon is called soiling, which is a challenging and complex issue. The soiling 

impact refers to the power that introduces the above influencing issues affecting the PV 

panel's output performance.  These complex issues create critical attenuation to solar 

panels' optimal performance worldwide, consequently, more significant in arid climatic 

conditions.  Soiling problems are commonly overlooked and overestimated. Many factors 

influence the soiling: climatic changes, geography, dust particle properties, PV panel 

type, panel angle, and urbanisation [2,3]. Many studies have been carried out on the 

impact of soiling on PV panels; however, future studies on soiling effects are critical. 

Reducing performance requires quantification to allow future developments optimal 

performance.         

                                                             

1.2 World energy consumption.  
 

One of the critical issues for any country's social and economic development is energy.  

Worldwide global energy consumption and demand increased by 2.3 % in 2018; this is 

the fastest growth rate within a decade, causing an increase in fossil fuel usage of 70%.  

Renewable energy growth was 31%; however, that was still insufficient to increase 

global demand. Electricity continues to be the fuel of the future [4]. In 2019, the 

worldwide global market grew by 0.9 %, caused by a reduction in economic growth and 

milder weather condition, which affected the decline in heating and cooling.  Still, 

renewable energy continues to grow [4].  
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In 2020, the Covid-19 crisis underlined the importance of a reliable, affordable, and 

secure electricity supply that can accommodate sudden changes in performance and 

economic activity. The electricity sector will substantially support economic renewal with 

a crucial long-term role in providing the world's energy [5].Global electricity demand 

recovers in the Stated Policies Scenario (STEPS) and surpasses pre-Covid-19 

levels in 2021. Electricity demand growth in India will grow faster than in other regions by 

2030, after which change is most noticeable in Southeast Asia and Africa [6]. China sees 

the most extensive individual increase in demand, accounting for over 40% of the global 

growth to 2030. Electricity demand growth worldwide overtakes all fuels. 

 

Electricity will meet 21% of global energy consumption by 2030.  Renewable electricity 

sources have been resilient during the Covid-19 crisis. They are set for healthy growth, 

increasing by two-thirds from 2020 to 2030 in the STEPS.  Renewables achieve 80% of 

worldwide electricity demand growth.  Renewable energy will surpass coal by 2025 as the 

primary method of generating electricity during the next decade.  By 2030, all renewables, 

hydro, wind, solar PV, bioenergy, geothermal, concentrating solar, and marine power will 

provide nearly 40% of the electricity supply [7].  

 

By 2020 Solar PV will become the leading provider of electricity generation and looks set 

for colossal expansion. Estimates for 2020 - 2030, solar PV grows by 13% per year, and 

solar PV in 2020 is now the cheapest electricity. 

 

1.3   History of Photovoltaics.  
 

The "photovoltaic" means the creation of voltage caused by the exposure to sunlight, or 

direct conversion of sunlight or solar radiation into electricity. This was observed by Henri 

Becquerel in 1839, and the beginning of solar cell technology. From its inception there was 

progression and further developments [8]. 

  

o 1878, Mouchet at el; solar-powered engines 

o 1888, Aleksnadr Staetov; solar cell 

o 1891, Clarence kemp; solar water heater   

o 1905, Albert Einstein; how light packet carry energy 

o 1954, Bell laboratories; modern solar cell 

 

In 1950, a change occurred with the advent of silicon technology; a solar cell's efficiency of 

10% was developed in Bell Laboratories in 1954 [9].  In the '70s, oil shortages created a 
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reinterest in solar energy as a renewable source, increasing efficiency by 17%.  In 2010 

the efficiency reached 40.7%. 

 

The global production data for 2010 was between 18Gw and 27Gw; between 2012 and 

2017. Although, the increase in renewable electricity production reduced global primary 

energy intensity by an estimated 1.2%. The world's total immediate energy demand 

increased by 2.3% in 2018, the most significant increase since 2010, driven by global 

economic growth [10, 11].  Improvements in primary energy intensity helped limit the growth 

in demand.  Global direct energy intensity decreased more than 10% during the five years 

between 2013 and 2018, at a mediocre annual rate of 2.1%.On a year-to-year basis, energy 

intensity improvement has slowed more recently, falling from 3.0% in 2015 to 1.2% in 2018 

[12].   

 

More than 200 GW of new renewable power generating capacity was installed in 2019, 

raising the global total to 2,588 GW [13]. Installations were well above 2018 levels, 

maintaining the more than 8% average growth rate of installed renewable power capacity 

over the previous five years.  Around 115 GW of solar PV was added worldwide in 2019, 

cementing the technology's status as the leader in new electricity generating capacity [14].  

During the year, 57% of renewable power capacity additions were of solar PV (direct 

current), followed by wind power (around 60 GW for 30%) and hydropower (some 16 GW 

for 8%) [15].   

 

The remaining 5% of additions were from bio-power, geothermal power, and concentrating 

solar thermal power (CSP).  However, improvements in primary energy intensity helped 

limit the growth in demand. Global solar photovoltaics additions were stable or even 

diminished slightly in 2019. The solar PV market grew approximately 12% to around 115 

GW (GRS 2020 report), ending with firm orders in Europe, the United States, and 

developing global markets.  The global market for solar PV expanded by about 44% in 

2019. Power generating capacity was installed in 2019, raising the global total to 2,588 

GW.   

 

For the fifth year, net additions of renewable power generation capacity outpaced net fossil 

fuel installation and nuclear power combined [16,17].Overall, worldwide new investment in 

renewable power and fuels grew 2%. Compared to 2018, costs continued to decrease, 

reaching some USD 301.7 billion; nearly all were in wind and solar power.   
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Wind power investment overshadowed solar energy investment for the first time since 2009 

[18]. Several significant countries and regions, such as China, Europe, and the United 

States, have propelled these trends to have an enormous impact in 2019.  Renewable 

power is growing in all corners worldwide.  Globally, 32 countries had a minimum10 GW of 

renewable power capacity in 2019, which increased from only 19 countries a decade earlier 

[19]. 

 

 

1.3.1 Middle east solar development.  
The Middle East and Africa noticed a significant solar PV installation in 2019; an estimated 

6.7 GW increased to 15.1 GW, an 80% increase in cumulative capacity across these two 

regions [20v ]. As of 2018, the Middle East's largest installer was the United Arab Emirates, 

aiming to achieve 50% renewable energy by 2050 [21].   

Commercial operations began at the 1,177 MW Sweihan facility in Abu Dhabi.  Expected to 

cover the electricity requirements of 90,000 people [22]. Dubai allocated the fifth phase (0.9 

GW) of its 5 GW Mohammed bin Rashid Al Maktoum Solar Park [23].  United Arab Emirates 

had more than 1.7 GW of solar PV in operation, including at least 125 MW of rooftop capacity 

under Dubai's Shams initiative [24].   

Saudi Arabia, the country's first grid-connected solar PV plant (0.3 GW Sakaka) in late 2019. 

In Jordan (added 0.6 GW), when at least two large plants were completed, efforts continued 

towards installing solar PV on all the nation's 7,000 mosques. Israel met its largest solar PV 

park (120 MW) and added 0.8 GW [25].  Kuwait and Oman added more significant 

developments to their pipelines, and Iraq launched a tender for a 755 MW capacity [26]. 

 

1.3.2 European solar development. 
In European countries, the shift was even more dramatic; Denmark, for example, went from 

39% to 77%, Germany (16% to 42%) and the United Kingdom (8% to 38%) [27].  In 2019, 

an estimated 18 countries improved at least 1 GW of new capacity, increasing from 11 

countries in 2018.   

All continents contributed significantly to global growth [28].  By the end of 2019, 39 

countries had amassed a capacity of 1 GW or more, an increase from 31 countries one 

year earlier, or at least 5% [29].  The current trend among major energy companies to invest 

in renewable energy highlights renewables' cost-competitiveness and public appeal.  

 

The world's largest oil and gas companies, particularly Europe-based, are moving into solar 

project development and operation. Using solar PV to power their operations worldwide 
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Solar PV has an increasing effect on electricity systems. Raising the importance of 

integrating solar energy under varying technical and market conditions equitably and 

sustainably [30].   

 

Many utilities are actively involved in solar PV deployment and operations [31]. Challenges 

to tackling solar PV become a primary electricity source globally, including policy and 

regulatory insecurity in many countries' financial and bankability challenges [32]. Subsidy 

solar PV schemes and adequate regulatory frameworks and policies governing grid 

connections are still required [33].   

 

1.3.3 Government policies. 
Mainstream feed-in tariffs (FITs), feed-in premiums, and tenders – continued to drive most 

of the global market in 2019 [34]. Corporate purchasing of solar PV grew considerably, and 

self-consumption was an essential driver of new distributed systems in several countries 

[35].   

Although still a small stake in the annual market, several private large-scale systems in 

2019 were interested in this significant multiplying concept [36].  In addition to driving the 

building of new and more efficient manufacturing services. Competition and price pressures 

have supported investment in solar PV technologies across the entire value chain. 

Particularly in solar cells and modules, to improve efficiencies further and reduce the LCOE 

[37]. 

In 2019, new records were achieved for cell and module efficiencies [38].  Monocrystalline 

cell technology, which lost its lead to multi-crystalline in 2002, raced ahead for the majority 

share of global shipments [39].  Demand for higher-efficiency modules has shifted towards 

Passivated Emitter Rear Cell (PERC) technology.   

The next generation of technologies PERC has become the new standard for the 

monocrystalline silicon solar cell variety because it increases efficiencies [40]. After all, the 

cell's efficiency influences the production cost at all stages. Therefore, substantial effort is 

directed toward efficiency improvement, making it an economically attractive option for 

many projects [41].   

Manufacturers of PERC (particularly China's LONGi) have participated dramatically in its 

commercialisation [42].  While monocrystalline PERC focuses on significant expansions 

and substantial commercial ability that came online in 2019, the industry is already looking 

ahead to PERC [43].  

In 2019, several manufacturers converted or built new factories to produce hetero-junction 

cell technology (HJT), which offers higher efficiencies and occurs at low temperatures and 

fewer production steps than other high-efficiency cell technologies.  Several China-based 
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companies were actively looking into HJT, and some had small production lines in operation 

[44].  European manufacturers were considering HJT (and other technologies) as an option 

to regain market quantity [45].   

In late 2019, REC (Norway) began production at an HJT cell and module facility in 

Singapore [46].  Researchers also conquered the theoretical efficiency limits of silicon-

based solar cells by stacking cells of different varieties and developing new, more efficient 

cell technologies [47].   

Perovskites use crystalline silicon, or a thin-film base attracts substantial research funding 

and increases efficiencies [48]. Researchers continued to concentrate on the long-term 

stability of perovskites [49]. More than a dozen companies worldwide worked on 

perovskites in 2019 [50]. Improvements in-cell technology and module design have enabled 

modules with higher power ratings [51].    

In 2019, for example, Sun Power (United States) launched the industry's most potent 

residential panel at 400-plus watts. In addition, Canadian Solar unveiled what it claimed 

was the first poly bifacial module of 400-plus watts for large projects [54].  Increasing the 

power rating increases electricity output. Reducing the number required for a project means 

less space is needed, and associated land, installation, and other costs are reduced [55].   

 

Bifacial modules capture light on both sides and offer potential gains in output (and thus a 

lower LCOE).With even more significant performance gains if used in installations with 

trackers. However, there are ongoing uncertainties about incorporating climatic and 

environmental conditions [56].    

 

 

1.4 Photovoltaics development. 
 

Today 2020, Silicon solar cells account for 90% of all solar cells manufactured [57]; 

however, efficiency is around 15%; 85% of the light received is not converted.  Silicon is a 

leading technology in manufacturing solar cells due to its high efficiency. However, due to 

their high price, more manufacturers and researchers are looking for new technology and 

materials to reduce solar cells' production costs. The thin-film solar cell has created 

exceptional attention due to its promising performance. With the possibility of 

manufacturing cost reduction, the cost reductions are thin-film solar cells use fewer 

materials.  The layers are thinner than mono and poly-crystalline solar cells; however, these 

technology-based solar cells' efficiency is low (12%-15%) [58]. 
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1.4.1 New developing materials and technology for PV cells. 
New developing technology and materials. They were allowed for the introduction of the 

third generation PV, Nanotubes (CNT), quantum dots (QDs), hot carriers (HC), and the 

latest solar cell materials. Such as perovskite, these are all promising; however, all of these 

are still to be proven commercially viable [59].  These three new technologies, Nanotubes 

(CNT), quantum dots (QDs), and hot carriers (HC). They are used in nanotechnology for PV 

cell manufacturing. In addition, they are used to increase the efficiency since the bandgap 

can adjust by nanoscale components [60,61].  The technological advantages of third-

generation solar cells or thin-film are reducing the material required to manufacture and 

having low costs, lightweight, and good electrical performance. 

 

 

1.4.1.1 Carbon nanotubes (CNT).  
Sumio Iijima discovered carbon nanotube in 1991 [62].  These nanotubes have promising 

applications in nanoscience. Over the decade, carbon nanotube solar cells, extensively 

researched for their exceptional and highly desirable thermal, electrical, and mechanical 

properties [63-65],  

They have a bandgap of 2.0 eV. Thin-film photovoltaic materials are better than conventional 

solar cell materials such as silicon because they are lighter, more flexible cheaper to 

manufacture; these factors are essential. Furthermore, the development of technologies 

such as photovoltaic material is continually increasing. For example, the latest development 

is Nanotubes (CNT), which cools the solar cell by 10 degrees Celsius, improving efficiency 

(KAUST 2019).    

 

1.4.1.2 Quantum dots (QDs). 
Over the past decade, photovoltaic devices using nanoscale materials, such as 

semiconductor quantum dots. Quantum dots are a material that, combined with various 

substances, creates a unique semiconductor that can control light absorption and emission 

spectra and has a bandgap of 1.4 eV [66-68].  

1.4.1.3 Hot carriers solar cell. 
Hot compassion of carrier cells is challenging compared to CNT and QD; it requires 

selective energy contact to convert light into electrical power without producing heat. HC 

has a bandgap of 1.1 eV. Nevertheless, its efficiency level achieved 66%, significantly 

higher than existing silicon cells due to a lack of suitable materials with lower carrier cooling 

rates. As a result, HC is not commercialised; however, still are an experimental technology. 
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1.4.1.4 Latest solar cell materials.  
As solar technologies develop using new materials, such as perovskite, it has a suitable 

bandgap of 1.52 eV.  This new material has increased the efficiency to around 20%; this 

material still has advantages and disadvantages [69,70].  Perovskite benefits are low carrier 

recombination rates.  However, it is precarious and unreliable and degrades under high 

humidity, moisture, UV, and hysteresis; however, it is a promising new technology [71].  The 

latest development, 21st December 2020, Oxford PV, produced a revolutionary technology, 

a perovskite solar cell achieving 29.52 % efficiency, a new world record.  

 

 

 

 1.5 Choice of photovoltaic panels.   
 

Many types of PV cells are available. This section details the PV cells currently in the 

manufacturing, research, and development stages.  Solar cells are categorised as first, 

second, and third-generation solar cells. First-generation; is a solar cell that is expensive 

to manufacture and has low-efficiency levels.  Second-generation; solar cells have lower 

efficiency and are cheaper to manufacture. Third-generation solar cells are not 

commercialised and are more efficient. Most of these are ongoing research; however, the 

third-generation solar cells aim to reduce manufacturing and production costs. A crystalline 

silicon-based solar cell, in comparison with others, has the highest efficiency and is the 

second most straightforward raw material to be found in the world.     
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Figure 1.1: Reported timeline of research solar cell energy conversion efficiencies 
(NREL). 

 

 

The figure overleaf solar cells used in solar cell manufacturing are from all types of silicon 

PV Materials. These are classified based on their generation type. 

 First-generation solar cells; are single and multi-crystal solar cells. 

 Second-generation solar cells; A-Si thin film, mc-Si solar cells, CdTe, CIS, 

and CIGS solar cells.  

 Third generations solar cells; Nanocrystal based, polymer-based, Dye-

sensitized, and concentrated solar cells.  

 All of these different types have different properties that affect the output power. 
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Figure 1.2: PV Technology class. 

 

Mono-crystalline, poly-crystalline, and amorphous-crystalline silicon solar cells are the 

most widely used commercial solar cells group.  Since these solar cells have stable 

characteristics over a long time, they have good reliability during operation and mass 

production as developed in microelectronics technology. Allows fast and relatively cheap 

solar cells based on silicon.  The decreasing trend in the price of solar cells continues, 

and the technology improves so that the efficiency of solar cells improves significantly.  

One of the improvements is technologies based on single crystalline silicon 

(monocrystalline silicon) layer with a thin amorphous layer.  The subsequent structure is 

HIT solar cell (hetero junction with an amorphous intrinsic thin layer) produced by Sanyo 

Ltd. The efficiency of commercially produced HIT solar cells is over 20%, with plenty of 

room for improvement [72,73].  

 

HIT solar cells use a thin intrinsic amorphous silicon layer (a-Si: H(i)) which is made on 

both sides of the wafer (Czochralski n-type c-Si), using a low-temperature PECVD process 

that takes place at 175oC or 250oC [74]. This way, they avoid high-temperature processes 

that degrade the amorphous film and crystalline bulk interface surface. The HIT structure 

achieved in such a way has multiple advantages over the standard approach. First, the 

width of a bandgap Eg of amorphous silicon is 1.55eV to 1.87eV, increasing efficiency at 

lower wavelengths, where the most concentrated intensity of terrestrial solar radiation can 

be acquired.  The HIT structure shows better temperature characteristics and a higher VOC 

voltage (open circuit) because of a significant decrease in surface and interfaces 

recombination.  
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1.5.1 Crystalline Materials. 
The different crystalline materials used for solar cell manufacture are shown above with a 

concise overview; crystalline silicon-based solar cell has the highest efficiency compared to 

others [75].  Recent studies have identified that silicon's band gap of 1.12eV is not optimal.  

Materials with band gaps nearer to 1.5eV have higher theoretical efficiencies.   

 

1.5.2 Mono-crystalline. 
Monocrystalline is fabricated from pure monocrystalline silicon.  Silicon has a single 

crystal lattice structure with virtually no defects or impurities [76]. Monocrystalline cells' 

main advantage is that their high efficiency is typically 15%, with a bandgap energy of 

1.1 eV. This material in developing solar cells has been extensively used, and its 

efficiency compared to other solar cells; monocrystalline cells have the highest 

efficiency, greater than 20%. However, manufacturers recommend 15%-17%. The 

disadvantage of these cells is a complicated manufacturing process which incurs 

slightly higher costs to produce monocrystalline silicon. 
 

1.5.3 Poly or multi-crystalline. 
A less expensive material. Polycrystalline Silicon does not require the costly and energy-

intensive crystal growth process. Instead, multi-crystalline is constructed using numerous 

monocrystalline silicon grains, sliced into fragile wafers and manufactured into complete 

cells. As a result, poly-crystalline cells are less expensive to develop and manufacture than 

monocrystalline.  However, 12-15% are less efficient, with a bandgap of 1.2 eV. Therefore, 

this material is suitable for reducing the cost of developing PV Modules; it's 12-15% 

efficiency is low compared to monocrystalline cells and other developing materials [77,78]. 

 

1.5.4 Gallium arsenide (GaAs). 
GaAs is a compound formed by gallium (Ga) and arsenic (As) with a similar structure as 

silicon. Its bandgap energy is 1.42 eV. Compared to silicon-based cells, GaAs is typically 

used for concentrator PV modules and space applications. They have high heat resistance 

properties [78]. It is also higher than poly and monocrystalline silicon; however, material 

and production are costly [79].  

 

1.5.5 Thin-film solar cells. 
Thin film technology solar cells are less expensive. They use fewer materials, allowing the 

cell thickness between 35-260nm and a bandgap around 1.5 eV -1.75 eV [80]. 
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Above is that of a crystalline structure.  Amorphous silicon cells are composed of silicon 

atoms in a thin homogenous layer. Amorphous silicon absorbs light more efficiently than 

crystalline silicon, which allows for more delicate cells, producing amorphous silicon (a-Si) 

thin-film PV[81]. Thin-film technology has approximately 15% market share, and the other 

85% is crystalline silicon, which Is very Amorphous silicon [82]. 

The main difference between amorphous silicon and the previous ones mentioned is 

popularity compared with CIS/CIGS and CdS/CdTe; in comparison with efficiency. It has a 

relatively high bandgap of 1.7eV [83,84].  Amorphous Silicon is a non-crystalline structure.  

With forty times more light absorptivity than either monocrystalline silicon Cadmium 

telluride (CdTe) or cadmium sulphide (CdS).  This material has a low efficiency of 6% and 

an ideal bandgap of 1.45 eV.  The direct absorption coefficient is high, which is the most 

significant advantage of amorphous cells incorporated into a range of flexible and rigid 

materials [85].   

 

1.5.6 Copper Indium gallium selenide (CiGs) / copper indium selenide (CiS). 
From its inception, Thin-film technology copper indium selenide (GiS) has been 

encouraging as a solar cell of its optical properties and good electronics.  Changing gallium 

(Ga) for Indium (In), improved bandgap adjustment to achieve 1.04 eV to around 1.68 eV. 

As a result, the laboratory's cell efficiency has exceeded 20%; however, commercially, 

CiGs efficiencies are between 12% -14% [86].  Three materials, CdTe, CiGs, and Si solar 

cells. Can enhance efficiency using inherent characteristics such as stability and 

performance yields; CiGs cells are the most promising group [87].  The CiGs solar cell has 

a high coefficient (a >105 cm¯1); its conversion efficiency reached 22.6% in 2016 [88].  

Considering the future development with CiGs, this will improve the efficiency of multi-

junction due to its bandgap. Which can achieve 1eV; however, limited production due to 

rare earth elements, indium, and gallium will prevent large-scale production [89].   

 

1.5.7 Organic and polymer cells. 
Today's primary trend concerns organic and polymer cells.  The lure of these technologies 

is that they offer low cost and fast production compared to crystalline silicon; however, it 

has typically 4% efficiency with a bandgap of 1.65 eV.  Expensive raw materials have halted 

the organic solar cell research, longevity issues, stability, degradation issues, and lower 

power conversion efficiency than inorganic solar cells [90]. 
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1.5.8 Hybrid solar cells. 
These hybrid solar cells are manufactured by combining crystalline with non-crystalline 

silicon; these solar cells have a bandgap of 1.75 eV and have developed a solar cell with 

an efficiency of 21% [91]. 

 

1.5.9 Dye-sensitised solar cells. 
Dye-sensitised solar cells (DSCs) have solar cells with a bandgap of 1.72 eV, which have 

attracted much awareness in recent years. Because of their excellent photovoltaic 

performance, specifically under low-light conditions.  These are their flexibility in colours 

and appearance, relatively simple fabrication procedures, and potentially low cost.  Dye-

sensitised solar cells are an excellent competitor to the existing materials list in producing 

solar cells [92]. 

Photovoltaic cells conception to capture the photons of the solar spectrum.  When a photon 

hits a PV cell [93]: 

 

 If the photon has less energy than the bandgap, it is not collected and passes 

through the cell. 

 The extra energy is lost as heat if the photon has more energy than required. 

 

 The energy conversion works at maximum efficiency if the photon has the same 

energy as the bandgap. 

 

Silicon has been the most used material for photovoltaic cells because it is inexpensive 

and relatively well understood.  The bandgap of silicon is estimated to be 1.1eV.  In 

contrast, the solar spectrum contains energy between 0 and 4eV, with 2.5eV at the 

spectrum's peak; this means that most infrared spectrum is not collected by silicon cells, 

limiting the maximum achievable efficiency [94]. The solar spectra are divided into several 

regions by increasing the conversion rate.  Rather than converting the photon energies 

with a single cell exploiting a single bandgap, solar energy is converted by several cells, 

each tuned for a different spectrum region.  The spectrum is separated across various 

semiconductors through two approaches: a spatial configuration (Figure 1.3a) or a 

stacked configuration (Figure 1 . 3 b) overleaf [93].  

In the first case, an optical device distributes photons with different energies into various 

locations, where they hit the "most appropriate" subcell  [95].  This approach has recently 

shown high-efficiency potential for unconcentrated or low-concentration PV applications. 

However, it is still considered complex to be practical in a tracked HCPV [96-100].  The 
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preferred approach in CPV is to arrange the cells in a stacked configuration, where 

different layers of semiconductors are stacked.  Due to this geometry, these cells are 

usually called multi-junction (MJ) cells.  The band gaps must decrease from the top to 

the bottom of the cell:  this way, considering the light hitting the top of the cell, the top 

subcells act as low-pass photon energy filters, transmitting to the subcells below only 

the sub-bandgap photons.  

Larger wavelengths (with lower energy) pass through the upper subcells and are absorbed 

below.  They are comprised of the following elements: gallium indium phosphate (GaInP), 

gallium indium arsenide (GaInAs), and gallium arsenide (GaAs).  This architecture can also 

transfer to other solar cell technologies and multijunction cells made from CIGS, CdSe, 

Silicon, organic molecules, and other materials. 
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Figure 1.3: Configurations for multijunction spectrum splitting, adapted from [91]. 

 

Figure 1.4: Multijunction III-V photovoltaic cell structure [NREL]. 
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Figure 1.5: Semi-conductors lattice constants [94]. 

 
Nowadays, lattice-matched GaInP/GaAs/Ge triple-junction cells are the most common 

MJ cells [101].  From top to bottom, arranged   by the following layers, represented 

in Figure 1.5: 

 
 GaInP is a semiconductor composed of indium, gallium, and phosphorus.  It is 

a high-energy junction.  It absorbs the ultraviolet and visible part of the solar 

spectrum (bandgap ≈ 1.85eV); 

 GaAs is an III-V semiconductor composed of gallium and arsenic.  It absorbs 

in the near-infrared spectrum (bandgap ≈ 1.42eV). 

 Ge absorbs lower photon energies in the infrared spectrum (bandgap ≈ 
 

o 0.67eV). 
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Figure 1.6: Spectral Irradiance of the AM1.5 spectrum and the parts of the spectrum 

that can be used by a triple-junction solar cell [94]. 

 
 
An additional optimization characteristic for MJ cells is the current matching.  Due to the 

series-connected configuration, the output current of a Multi-junction (MJ) cell is equal to 

the smallest one among the currents produced by any subcell. Thus, it is essential to design 

each junction to produce the same amount of photocurrent [94]. Each layer's thickness is 

selected to best match the currents of the other two subcells. The absorption coefficient 

for solar cell materials is not infinite:  a cell of limited thickness will not attract all the 

incident light above the bandgap [14].  A fraction of that light will be transmitted. The 

thinner the cell, the greater the transmission: thinning a subcell will decrease its current, 

instead increasing the lower subcell current. 

For this reason, correct subcell sizing is essential to obtain the current matching.  The 

terrestrial sun spectrum contains less high-energy light than the AM0i spectrum.  Thus, 

to satisfy the current matching requirements, the top terrestrial subcell's thickness must 

be greater than that of a space cell [14]. 

 

 

Multijunction cells' efficiencies have recently increased at a rate of about 0.5-1% 

yearly [101].  At the end of 2014, the highest efficiencies achieved 27.6% and 46.0% 

for silicon single-junction and multijunction cells under concentrated sunlight.  

 

Traditional GaInP/GaAs/Ge cells were fabricated to have the same lattice constant in all 

the subcells. A s  a  r e s u l t ,  t he semiconductors in these cells can be grown with 

high-quality [102].  However, the bandgap combination of the lattice-matched triple-
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junction cells leads to a  large excess current in the Ge layer. Therefore, a different set 

of semiconductors would grant a better bandgap combination. Therefore, many MJ cells 

other than the GaInP/GaAs/Ge ones are being investigated and might find application 

soon. Such as the metamorphic and inverted metamorphic (IMM) cells [103]. 

In contrast to LM cells, subcells of a metamorphic cell do not have the same lattice 

constant [104].  Massively growing materials with different lattice constants lead to misfit 

dislocations that deteriorate the material quality. The introduction of buffer structures 

between the Ge bottom cell and the GaInAs middle cell is required to reduce the effects 

of the dislocations. The top subcell is first grown on a lattice-matched substrate in the 

IMM cells, followed by the other subcells [105]. This way, the upper subcells' material 

quality is enhanced compared to the conventional   MJ  cells   [106].  Alternatively, the 

subcells can be separately fabricated and then mechanically stacked [107].  Despite the 

high efficiencies, high mechanically stacked cells' high costs have limited their diffusion. 

 

1.6 Review on CiGs, CdTe and SiHi Solar Cells. 
 

 
Figure 1.7: Structure of CiGs thin-film solar cell [21]. 

Copper Indium Gallium Selenide (CIGS) solar cell, also known as CI(G)S or CIS cell. It is 

a categorised thin-film photovoltaic cell that transforms ultraviolet light into electrical 

energy.  CIGS has a chalcopyrite crystal structure and is tetrahedrally bonded. It possesses 

a notably improved absorption coefficient of about 105 cm-1 for 1.5eV and higher energy 

photons.  It exhibits high proficiency.  CIGS photovoltaic cells' current efficacy on a small 

area device was 21.7% (Mansfield et al., 2015).  CIGS is more advantageous than 

conventional PV technologies because it yields a greater measured energy level, 
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significantly displays a reduced temperature coefficient for power loss, decreased 

detectability to shadowing and short energy settlement time.  

 

CIGS is a good substitute for silicon due to its commensurable efficiency and production 

cost. It can be lowered considerably by utilizing economical substrates and foils made of 

glass and plastic, apart from its high efficiency and reasonable manufacturing cost.  CIGS 

material for photovoltaic cells is that the material responsible for absorption wastage is 

minimised compared to 1G solar cells (i.e. C-Si).  Fabricating a solar cell requires only 

around 2mm thick CIGS absorber film.  Recently, an amended photocurrent in CIGS 

photovoltaic cells proficiency of 21.7%.  It records promising results with Voc of 717mV, 

Jsc of 37.2mA/cm2, and FF of 78.6%.  Its key novelty includes alkaline Post-Deposition 

Treatment (PDT) of CIGS with the proficiency of solar film, produced by thermal co-

evaporation of Copper, Indium, Gallium and Selenium.  The CIGS cell's alkaline 

composition in the PDT procedure is altered by adding alkaline essentials from the film's 

superficial adjacent.  The multi-junction is established with a fine buffer layer.  The high 

photocurrent in CIGS solar cell was obtained by decreasing CdS buffer width and an 

enhanced steeper.  

 

 
Figure 1.2: Structure of CdTe thin-film [NREL]. 

 

CdTe material is promising for producing solar cells at a low cost with a low efficiency of 

13%.  (Tamboli et al., 2017) Achieving a better efficiency rate in a single junction solar cell 

generic structure is rigid.  (Romeo et al., 2004) developed a CdTe hetero-junction flexible 
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solar cell where the absorber layer was fabricated from CdTe. CdTe has the highest 

absorption coefficient, which leads to an efficiency of 16.5%.  

 

 

 

Figure 1.3: Structure of SiHi thin-film solar cell. 

 

The Copper Indium Gallium Selenide (CIGS) cell was fabricated using vacuuming 

manufacturing procedures. Deposit a thin layer of 2 μm copper, indium, gallium and 

selenide on glass or plastic backing and electrodes on the front and back sides.  The 

produced current flows via the electrodes.  

The manufacturing cost is lower than the crystalline silicon PV cells but more expensive 

than other single-junction thin-film cell-like Cadmium Telluride.  Over the years, the CIGS 

cell was perceived as a promising cell. Thus many companies and research institutes took 

particular interest in it.  The companies and institutes drive research towards improving the 

lifecycle reliability, power output efficiency, and cost of modules made using the cells 

[108,109].  CIGS has a bandgap energy of 1.45 eV, a high sunlight absorption coefficient 

and PCE of 20%, and EPBT of 1 year  [110, 111].  Its performance is slightly affected by 

shading. 

 

CIGS solar cells are alleged to have a very high potential against CiGs and CdTe solar 

cells. They are achieving low production cost with high module efficiency. The CIGS 

possesses a better absorption coefficient (lower material usage) and requires a lower 

thermal budget than c-Si solar cells. Its record efficiency (22.6%) has surpassed CdTe 

(22.1%). 
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In conclusion, flexible CIGS cell efficiency is comparable to conventional Si solar cells, and 

stability is not a concern; however, Si solar cells require less energy to deposit CIGS film.  

 

The Flexible CdTe cell has demonstrated successful manufacturing.  The use of simple 

components, high production rate, high efficiency and fabrication in single-layer and 

multilayer configurations.  The flexible a-Si: H, since PECVD is the standard technique used 

for fabrication with processing temperature around 200 °C, temperature-sensitive plastic 

foils can be used.  The success of flexible a-Si: H cell is due to high throughput, large area, 

and longtime PECVD deposition without downtime.  Therefore, future progress is bright for 

flexible CIGS, CdTe and a-Si: H solar cells.  

 

 

 Band-gap Linear thermal 
expansion at 25°C 

Lattice constant at 300K 
[siliconfareast.com] 

GaAs 1.4 eV 5.7 * 10-6 °C-1
 5.653 Å 

Ge 0.7 eV 5.9 * 10-6 °C-1
 5.646 Å 

Si 1.1 eV 2.6 * 10-6 °C-1
 5.431 Å 

   SiHi 1.7eV   
   GiCs 1,.2eV 5.0 * 10-6 °C-1  

   CdTe 1,45eV 5.6 * 10-6 °C- 6.481 Å 

Table 1.1.  Semiconductors' properties comparison. 
                                                                                              . 

 

 
Table 1.2. Introduction on the production, efficiency of conventional PV (c-si) and 

thin-film solar cells (a-si, CdTe and CiGS [112]. 

 

 

1.7 Improvement in efficiency. 
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Figure 1.4:  Development of laboratory solar cell efficiencies.  

 

 

 

Figure 1.5:  Average Crystalline –Silicon PV module efficiency [1]. 

 

1.7.1.  Solar cells efficiency. 
Practically all photovoltaic devices integrate a p-n junction in a semiconductor across which 

the photovoltage is developed.  A cross-section through a typical PV solar cell is shown 

below in Figure 1.12.  
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Figure 1.6: A schematic layer of a PV cell [113]. 

 

  

Figure 1.7: The equivalent circuit of a PV cell [114]. 

 

The I-V characteristic of the PV solar cell changes with the sunlight intensity 

𝑆/(𝑊/𝑚²) and cell temperature 𝑡 °𝐶 that is  𝐼 = 𝑓(𝑉, 𝑆, 𝑡).  According to the 

electronics theory, the solar cell's actual equivalent circuit is shown in Figure 1.13 when 

the load is a pure resistance.  

𝐼𝐿 is current supplied by the solar cell. 

𝑰 = 𝑰𝑳 − 𝑰𝒐 𝒆𝒙𝒑
𝒒(𝑽 𝑰𝑹𝒔)

𝑨𝒌𝑻
− 𝟏 −

𝑽 𝑰𝑹𝒔

𝑹𝑺𝑯
                         (1.1) 

 

where  𝐼𝑑 , the junction current of the diode,                                                    
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𝑰𝒅 = 𝑰𝒐 𝒆𝒙𝒑
𝒒(𝑽 + 𝑰𝑹𝒔)

𝑨𝒌𝑻
− 𝟏  

 

I  = the load current  

IL = the photovoltaic current,  

Io = the reverse saturation current  

q = electronic charge,  

k = boltzmann constant,  

T = absolute temperature,  

A = factor of the diode quality  

RS = series resistance,  

RSH = parallel resistance  

 

Another critical parameter is open-circuit voltage Voc ;  

𝑽𝒐𝒄 =
𝒌𝑻

𝒒
𝑰𝒏

𝑰𝑳

𝑰𝒐
+ 𝟏 =

𝒌𝑻

𝒒
𝑰𝒏

𝑰𝑳

𝑰𝒐
                          (1.2) 

 

Figure 1.14 shows an I-V characteristic and the power curve to illustrate the maximum 

power point position. 
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Figure 1.8: I-V characteristics of a crystalline silicon module with power variation 
[115]. 

 

As temperature increases, the intrinsic semiconductor bandgap shrinks, and the open-circuit 

voltage (Voc) decreases following the p-n junction voltage temperature dependency 

identified in the diode factor
𝒒

𝒌𝑻.  

Solar cells have a negative temperature coefficient of Voc (β).  Moreover, a lower output 

power results in the same photocurrent because the charge carriers are liberated at a lower 

potential.  Using the convention introduced with the Fill Factor calculation, a Voc reduction 

results in a minor theoretical maximum power 𝑃𝑚𝑎𝑥 = 𝐼𝑠𝑐 × 𝑉𝑜𝑐 given the same 

short-circuit current 𝐼𝑠𝑐 [116,117]. 

The intrinsic semiconductor bandgap shrinks as temperature increases, meaning more 

incident energy is absorbed. As a result, a more significant percentage of the incident light 

has enough power to raise charge carriers from the valence band to the conduction band.  

Therefore, more significant photocurrent results; thus, Isc increases for given insolation, and 

solar cells have a positive temperature coefficient of 𝐼𝑠𝑐 (α). 
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Figure 1.9: I-V and P-V characteristics of a PV solar cell [118]. 

 

 

Figure 1.15 shows I-V and P-V characteristics when the temperature alternates at 

continuous illumination. The effects result from features of crystalline silicon cell-based 

modules. Which produce a higher voltage as the temperature drops and, equally, lose 

voltage in high temperatures; therefore, solar panel or system derating calculation requires 

an adjustment for this temperature effect. 

 

Two primary factors are establishing efficiency:  

 The cell efficiency is utilising silicon type N-type or P-type and cell design.  

Therefore, to increase cell efficiency is imperative to find new materials to make 

more efficient photovoltaic cells  

 

  The total panel efficiency ensures the necessary energy by using the cell layout, 

panel size, and configuration.  The maximum power (Pmax) generated by the 

photovoltaic panels has to increase, increasing the active area of the photovoltaic 

cells. 

 
 

Firstly, cell efficiency is the cell structure.  Silicon choice, N-type or P-type, cell efficiency is 

defined as the fill factor (FF), the maximum efficiency conversion of the cell at the optimum 

voltage and current.  Cell design is an essential part of the panel efficiency: important 

factors; are silicon type, number of busbars (MBB), and passive type (PERC). 
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Solar panels are tested under laboratory conditions using Standard Test Conditions 

(STC) of 1000 W/m², 25°C cell temperature, with a 1.5 air mass spectrum. Electrical 

incident solar irradiance performance, influenced by the chosen photovoltaic panel type's 

output power, varies among manufacturers 350W-400W.  The efficiency is 20.4% to 22.6%.  

The efficiency of the panel is the maximum power rating (Watts) divided by the area M; 

 

 

𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 =
𝑷𝒎𝒂𝒙

(𝑨𝒓𝒆𝒂 𝒙 𝟏𝟎𝟎𝟎𝑾/𝒎²) 
 𝑿 𝟏𝟎𝟎  

 

1.7.2 Actual efficiency.  
Actual efficiency is the operating efficiency influenced by several factors: irradiance, 

shading panel, orientation, temperature, location, dust, dirt, and time of year.  The 

temperature will be greater than 25°C and cannot compare actual energy production 

from the PV under test.  In general, solar cells' efficiency decreases with an increase in 

temperature. Therefore, the temperature is a critical factor that leads to a loss in PV 

efficiency and power output. Causing a temperature increase and causing bandgap 

shrinkage; therefore, the open-circuit voltage will drop [119]. 

  

Figure 1.10: Effects of Temperature on PV cell characteristics [8]. 

 

Figure 1.16 shows the effects of Temperature on PV characteristics.  Temperature 

influence greatly impacts monocrystalline silicon compared to all other types of silicon 
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solar cells. For example, the efficiency decreases by 15% and 5% in monocrystalline 

silicon and thin-film solar cell [120].  

 

1.7.3 Maximum Powerpoint. 
The maximum power point (MPP) is the point at which the solar cell outputs the maximum 

net power. However, the MPP voltage can drift based on various factors, including irradiance 

intensity, device temperature, and device degradation. Therefore, one crucial part of PV 

module engineering is ensuring the MPP (maximum power point) is tracked continuously to 

maximise the net power output. An MPP tracking system (MPPT) should also consider 

unforeseen events such as poor operating conditions and individual cell failures. The MPP 

can be obtained through passive or active methods. For example, the MPP can be passively 

traced through a constant voltage source or by placing a resistor in series with the load. 

These methods are simpler and cheaper to implement. Still, they might not produce the 

maximum possible power output since many variables, such as the device quality, 

degradation, and input parameters, can affect power output.  
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1.7.4 Sun Trackers.  
Solar tracking systems have many bases of classification. For example, it can be classified 

based on the control system, drivers, tracking strategy, or the degree of freedom of the 

movement exhibited by the system. 

1. based on the control system used.  

2. Closed-loop tracking system.  

Irrespective of the above driving system used for the movement of the tracker. Be it some 

passive system or some pre-defined algorithm based on mathematical calculations based 

on the sun’s trajectory, when sensors are deployed to detect the sun's position. This is then 

feed-backed to the system so that the comparator/ microprocessor is used. Can see the 

error and give the required actuating signal to the motors to correct the error; then, the 

system is said to be working on the principles of the feedback control system. And the 

trackers deploying the above scenario are known as closed-loop sun trackers. Stamatescu 

et al. (2014) propose a dual-axis tracking system consisting of 4 PV cells as sensors, two 

motors and a tri-positional control mechanism. Sensors measure the radiation, and the 

motors are controlled accordingly. 

1.7.4.1 Open-loop tracking system.  
This type of system uses a controller which gives the driving signal to the motor purely based 

on current data inputs and the operating algorithm of the system alone. It has no feature of 

observing and evaluating the output data regarding the desired output. Thus it is cheaper 

and simpler to implement than the closed-loop tracking system. Still, it involves no 

rectification process; therefore, the algorithm alone has to ensure that it achieves the desired 

goal. Al-Naima and Yaghbian (1990) constructed a dual-axis microprocessor-based sun 

tracker which used a tracking strategy purely based on the calculations of the astronomical 

coordinates of the sun. It showed better tracking capability than the conventional sensor-

controlled counterparts. 
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1.7.4.2 Active solar tracking systems. 
These systems use electrical drives and mechanical gear trains to orient the panels typical 

to the sun’s radiations. It uses sensors, motors and microprocessors for tracking and is more 

accurate and efficient than passive solar trackers. But on the other hand, they are needed 

to be powered and consume energy. When the trackers are not in proper alignment with the 

sun. The sensors receive different illumination and create a differential signal which is then 

used by a comparator or a microprocessor to determine the appropriate movement in the 

proper direction. The required signal is then given to the motors to work accordingly. This 

process stops at a point where the sensors receive equal illumination. The PV module is 

typically aligned with the sun’s radiations. Abdelghani-Idrissi et al. (2018) used an active sun 

tracker while experimenting with thermal efficiency enhancement. They found that the 

tracker-based system showed an overall gain of 40% in stored thermal energy compared to 

the fixed one. 

1.7.4.3 Passive solar tracking system.  
This system does not use mechanical devices to orient the panel toward the sun's radiation. 

Alternatively, some pressurized low boiling point gaseous liquids or shape memory alloys 

are used as actuators which, upon receiving unbalanced illumination, force the plate to 

undergo some angular motion to re-equilibrate the radiation by inducing thermal expansion 

in the expandable gases or the shape memory alloys. When one side of the liquefied gas 

receives more thermal energy than the other, the gas expands and moves to the other side 

of the tracker. The light weight of the panel causes it to be pulled towards the light source, 

tilting it until it reaches an equilibrium. Though less complex and compelling, it fails to give 

high efficiency at low temperatures. Poulek (1994) developed a new low-cost shape memory 

alloy-based sun tracker, which could collect up to 40% surplus energy compared to the 

fixed-tilt collectors.  
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 Figure 1.11: Sun trackers classification. 

 

 

1.8 Conclusions.    
 
Solar energy is sufficient; in theory, it meets all our current and future energy requirements.  

Many solar cells, monocrystalline, poly-crystalline, and thin-film are available.  

Nevertheless, the technology lags, hindered by a complicated process to produce highly 

efficient monocrystalline cells.  Poly or multi-crystalline are cheaper to manufacture; 

however, they are less efficient.  The monocrystalline cell has an efficiency of approximately 

15% to improve this performance; multi-junction cells with differing bandgaps are used and 

developed; however, there are disadvantages.  Once again, this will result in more complex 

and expensive to produce.  

Manufactures will have to decrease manufacturing costs and increase output power.  

Manufacturers must develop and increase wafer size; this allows larger panel formats to 

build the compelling panel with a rating of up to 600Watts.  Therefore, larger cells have a 

greater surface area. Combined with the latest cell technologies, multi busbar (MBB), 

PERC and tiling ribbon, they can increase the efficiency by up to 22%.  New technology 

allows further developments in better materials for solar cells or Increasing efficiency. 

Alternatively, inexpensive or common materials for cell production combined with a reduced 

thickness reduce manufacturing costs.  
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The latest developments allow further advances in research and development in cell 

metasurface structures and cell efficiencies.  According to Carlos II de Madrid University, 

9th February 2021 has allowed multiple performance improvements with up to 40% 

efficiency improvement.  Metasurfaces; once this design is implemented in manufacturing, 

there will be a significant improvement in future solar cell field performance.  Reducing the 

layer's thickness will efficiently generate the current, saving on materials and manufacturing 

costs. Reduced thickness and the extraction of electrons generated by light are also more 

effective. They have fewer paths to cross where they will be reabsorbed.  The absorption 

in the layers surrounding the active layer creates a warming effect. Which reduces the 

defect in the long term and can be applied to future solar installations to achieve better 

energy efficiency and increase cell efficiency.  

 

The latest research and development in perovskite solar cell efficiency: The newest 

achievement for increased efficiency was achieved by Oxford PV Scientists on 21st 

December 2020.  Developed a record-breaking perovskite cell. Sustainable and affordable 

solar power technology with an efficiency of 29.52%; Oxford PV "believes that future solar 

cells will be improved significantly." 

 

 

1.9 Research Methodology. 
 

Reviewing the literature, past milestones in PV technology and current developments in soil 

degradation were examined. To understand the most established technologies and identify 

development trends. In addition, research into the existing and new potential materials was 

also undertaken and highlighted as a new area for PV development. Finally, methods for 

theoretically and experimentally investigating soil degradation were explored, and critical 

parameters for analyse were identified. 

 

 

 

1.10 Contribution in the field. 
 

 A thorough characterisation of PV cells and  PV degradation caused by soiling, how the 

degradation should be associated, noticeable trends, and their future outlook.  
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 A  method aimed at optimising PV soiling while incorporating realistic surface soiling data, 

temperature, and other practical concerns.  

 Understanding the impact of PV soiling and temperature effects on different PV cells 

compared to its theoretical predictions.  

 

 

1.11 Overview of Thesis Structure. 
Chapter 1 introduces the topic of solar energy, world energy consumption, and the history 

of Photovoltaics, incorporating current world and European solar development, their 

benefits, and the many challenges in harvesting light for electricity.  

An updated literature review of the different types of solar PV incorporating  new developing 

materials and technology research incorporating improvements in efficiency, and solar cell 

efficiency increasing with the use of tracking systems  

 The importance of material choice and surface temperature is highlighted, along with 

suggestions for furthering PV soiling and temperature research to investigate the 

environmental effects on PV performance.  

Chapter 2 deals with the challenges and limitations of temperature predictions in large plants 

using weather forecasts and solar predictions and the output parameters of solar cells 

incorporating temperature effects, irradiation, and cooling systems and effects.  

Chapter 3 deals with the challenges and limitations of correlation of soling, optical losses on 

PV performance, dust causes and effects on PV plants,  environmental conditions and PV 

performance and cooling systems, outcomes, cleaning procedures, and site-based 

research.   

Chapter 4 carries on from chapters 2 and 3, detailing how the relative humidity incorporating 

thermal losses affects different PV  panels used on PV plants. Again, the impact of 

temperature, water vapour and the effect of the operational temperature.    

Chapter 5 gives a thorough example of the Spectral analysis on PV plants including Pv 

degradation and the most recent spectral analysis developments on solar panels  
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Chapter 6 introduces and summarises the use of a small central control mechanism for large 

scale PV plants. The use of different controllers and various inverters types, thus the effect 

on the controller on maximum power and the impact of soiling losses on the controller. 

Chapter 7 is a case study carried out in Kuwait, detailing the experimental methodology, 

spectral characterisation, particle characterisation of PV yield and economic analysis  

Chapter 8 concludes the chapters and gives recommendations for future work. Overall this 

work identifies soiling and temperature defects. A broad literature review explores the soiling 

and temperature issues; thus, challenges have been demonstrated theoretically and 

experimentally due to soiling and temperature limitations. Solutions are proposed using new 

methods and concepts. The procedures and results of soling and temperature presented 

should be helpful in many areas of PV, designers, manufacturers, and even further research, 

with additional detailed data on improving PV cells. 
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Chapter 2: Temperature prediction for large-scale PV 
plants. 

 
2.1 Introduction 
 

This chapter gives an overview of the temperature predictions for large-scale PV plant 

technologies. It is reporting the most widely accepted definitions and resuming the most 

commonly employed components and materials with particular attention to solar power 

plant performance degradation.  Based on solar collector type, geographical location, local 

climate, and the collectors’ exposure period without manual cleaning.  Moreover, it reviews 

the state-of-the-art cooling systems that maintain photovoltaic systems’ temperatures within 

the acceptable operating range.  The analysis of the advantages of cleaning operations 

includes natural, manual, automatic and passive methods.  The goal is to provide solar 

power plant designers with the ability to forecast projected pollution losses in different parts 

of the world and evaluate effective cleaning methods to restore system energy productivity. 

 

The solar industry has started considering solar forecasting with increasing installed utility-

scale PV plants and a growing necessity for predictable energy generation.  The reasons 

are: 

 

  Solar generation is variable. 

 Prediction of solar output will make the electric grid perform better under variable 

conditions. 

 

Solar forecasting provides grid operators with a method to forecast and balance power 

generation and consumption.  Assuming the grid operator has a mix of generation assets 

at his disposal, reliable solar forecasting allows the operator to optimise how he reports to 

his controllable units. Of course, the capabilities will vary from network to network, but the 

application of solar prediction remains essentially static. 

Some essential components make up the solar prediction tools.  
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Firstly, there is the weather model, and solar power generation is inherently variable.  Cloud 

cover causes this contrast by blocking the sun’s rays from the solar panels; however, the 

weather is predictable with great certainty. 

 

Secondly, a solar forecast factor is a model used to convert the weather into utility plant 

power output. The solar industry practises these “PV simulation” models to predict a PV 

plant’s performance under environmental conditions such as irradiance, wind speed, 

temperature, and relative humidity. PV simulation models also include important plant 

behaviours. Such as tracking, which predicts PV panels’ orientation mounted on uniaxial 

or dual-axis trackers. Therefore, accurate weather models and PV simulation tools are 

needed to produce an accurate and valuable solar energy forecast. 

The first is associated with the forecast horizon. The time between the forecasting and the 

prediction is theoretically crucial; the regulatory framework requires accurate assessment 

to set up the algorithm consistently with the electricity market rules.  Multiple philosophies 

exist, according to [1,2]. 

 

There are four different modes: 

 

• Very short-term - forecast horizon of up to 6 hours, usually performed with higher 

accuracy, is fit for real-time electricity transmission, optimal reserves, and smooth power 

production for solar energy. 

 

• Short-term - forecast horizon between 6 hours and up to 3 days. is advantageous to 

increase the stability of the grid 

  

• Medium-term - forecast horizon between 3 days and several months, maintains the 

power system planning and maintenance schedule by predicting the available electric 

power. 

 

• Long-term - forecast horizon between months and years helps transmission and 

distribution authorities in electricity generation planning, energy bidding, and security 

operations [3]. 

 

Satellite forecasts are effective in the short term, usually 4-6 hours ahead. It is the best way 

to spot small cloud forecast horizons (1 day or more). The model's Numerical Weather 
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Prediction (NWP) has insufficient ability to anticipate smaller drawdowns.  Satellite Cloud 

Transmission Predictions use satellite imagery to predict cloud movement in the near term 

with geostationary satellites. 

 

Numerical Weather Prediction (NWP) inaccuracies and the satellite models arise mainly 

from model biases and local weather conditions. Statistical methods combine the inputs of 

multiple prediction models or computer vision techniques. Such as artificial neural networks 

can increase accuracy; however, a perfect weather forecast can still lead to wrong solar 

forecasts. PV simulation tools are needed to translate weather conditions into suitable 

performance for the solar power plant. PV Systems made of wired-to-transformer units 

have a complex response to environmental conditions. Physical and experimental models 

do better at translating requirements into expected outcomes. However, statistical methods 

linking PV behaviour to radiation (or other weather variables) fail due to that relationship’s 

nonlinearity [4]. 

 

Forecast predictions for a group of distributed plants yield better results when Numerical 

Weather Prediction (NWP) data is affected due to spatial averaging [5]. However, to reduce 

spatial resolution and increase accuracy, these complex algorithms use detailed 

meteorological data resulting in increased costs for the facilities that need to be anticipated 

PV. Thus, they can be replaced by commercially available weather forecast services, 

improving economic efficiency, limiting accuracy, and increasing time accuracy. 

 

Errors in solar forecast accuracy occur from the weather prediction or PV simulation step.  

The solar industry has advanced in creating better weather forecasts. However, much work 

is left to do with fundamental model development, application and analysis. 

Multiple weather forecast techniques are used to predict cloud cover and irradiance.  These 

could include Numerical weather predictions (NWP) models, which use physical 

relationships to predict large-scale atmospheric trends, and are suitable for prolonged use.   

 

 

However, the prediction error increases with the observed horizon. Each type serves a 

specific purpose; The short-range forecast is valid to ensure the power system’s security 

in extreme weather conditions. Short-term forecasts have the most comprehensive 

implementation; Producers and consumers use them to optimise their profits, unit 

distribution, and load balancing.  Medium-term forecasts are primarily intended for asset 
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management. In contrast, long-term forecasts analyse resources and select future 

publication locations. Therefore, the most crucial focus of the research is on short-term 

forecasting measures. This relatively short window allows more accurate weather 

forecasting and is directly related to power grid operation. 

 

Regarding the technique used to perform the forecast, categorised models are: physical, 

statistical, data-driven, and hybrid.  The Physical methods, established on numerical 

weather predictors (NWPs), sky imagery, and satellite imaging based on the area 

modelled, can be global or mesoscale. However, PV forecast should be used only 

mesoscale with a resolution of up to 50 km [6].   

 

Compared with large-scale dispatchable plants, distributed solar photovoltaic (PV) 

forecasts are more challenging to produce because of the relatively small size and many 

solar PV sites. However, such predictions are most accurate. This is because nearly real-

time power generation and detailed static data (e.g., location, hardware information, panel 

orientation) are available for all connected systems [7]. 

Large-scale solar power plants are generally located in semi-arid and desert lands where 

sunlight is abundant to convert solar energy.  However, these plants suffer from two main 

factors of environmental degradation: high ambient temperature and high concentration of 

atmospheric dust.  The degradation of solar collector performance results from the pollution 

results in a significant energy productivity loss in all solar power plants. 

 

In most solar cells, the short circuit current (Isc) goes up as the temperature increases, 

while the open-circuit voltage (Voc) and the fill factor (FF) decrease as the temperature 

decreases (Figure 2.1).  The Isc of a solar cell generally increases due to the temperature-

dependent bandgap narrowing, increasing photons absorption.  The Isc can also decrease 

as the temperature increases.  There is bandgap narrowing in a filter layer or an optical 

element that impedes the absorption of additional photons. The temperature-dependent 

decrease of the Voc and FF are primarily due to the increasing the reverse saturation 

current density (Jo) and the standard operating cell temperature (NOCT).  Additional 

temperature-dependent factors can also reduce the FF. 
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Figure 2. 1: I-V curves of a solar cell at two values.  In most solar cells, the Isc 
increases as the temperature increases, while the Voc and FF typically decrease as 
the temperature decreases. 

 

Most solar cells’ efficiency (η) will decrease as the temperature increases.  While some 

characteristics can improve the efficiency (ղ) as the temperature increases, such as the 

short circuit current (Isc), other essential terminal characteristics, such as the open-circuit 

voltage (Voc), can reduce the efficiency (ղ) more quickly. These temperature-dependent 

terminal characteristics will be explored later in the sections, as well as examples for the 

S-Q detailed balance limit. IV curve of a solar cell showing the open-circuit voltage in Figure 

2.2. 

 

 

 

Figure 2. 2: (a,b): IV curve of a solar cell showing the open-circuit voltage [8]. 

 

2.1.1 Equivalent Circuit of a PV Cell. 
The equivalent electronic circuit of a PV cell is in figure 2.3. 
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Figure 2. 3: Equivalent circuit of a PV Cell [1]. 

 

 Originated for Kirchoff’s first law, the output current is given by 

 

 

𝑰 = 𝑰𝒑𝒉 − 𝑰𝑫   − 𝑰𝒑                                                  (2.1) 

 

𝑰 = 𝑰𝒑𝒉- 𝑰𝒔𝒂𝒕∗  𝒆𝒙𝒑
𝒒∗(𝑽𝟎 𝑰∗𝑹𝒔)

𝒏∗𝑲∗𝑻𝒄𝒆𝒍𝒍 ∗𝑵𝒔
 − 𝟏 −

𝑽𝟎     𝑰∗𝑹𝒔

𝑹𝒑
     (2.2) 

 
 

 

Where Id, Is the junction current of the diode, 

 

𝑰𝒅 =  𝑰𝒔𝒂𝒕 𝒆𝒙𝒑
𝒒(𝑽𝒐 𝑰𝑹𝒔)

𝒏𝑲𝑻𝒄𝒆𝒍𝒍
 − 𝟏                              (2.3)      

 

Another critical parameter is the Open circuit voltage (Voc), 

 

𝑽𝒐𝒄 =  
𝒌𝑻

𝒒
 𝑰𝒏 

𝑰𝒑𝒉

𝑰𝒔𝒂𝒕
 + 𝟏 =  

𝒌𝑻

𝒒
 𝐈𝐧

𝑰𝒑𝒉

𝑰𝒔𝒂𝒕
                  (2.4) 

 

 

 I        =    output current,                  

Isat    =    Diode reverse saturation voltage  

Iph     =    photo current                

  Vo       =    Output Voltage 
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Rs      =    Series resistance (represents Voltage loss on the way to external connector)     

Rp    =   Parallel resistance (representing leakage currents) 

K     = Boltzmann's constant 

Q    =   charge on electrons          

Ns =  Number of cells in series 

N    =   deality factor                     

Tcell = Solar panel temperature 

 

2.1.2 Parameters of Solar Cell. 
The main parameters used to describe solar cells’ performance are:  

the peak power Pmax. the short circuit current, Isc; the maximum power, Pmax; the open-

circuit Voltage, Voc; the fill factor, FF; the standard operating cell temperature, NOCT; the 

efficiency, ղ; the series resistance, Rs; the shunt resistance Rsh; the ideality factor of the 

diode, m; the reverse saturation Io and photo-generated current; Iph [8] 

 

The short-circuit current density Isc, the open-circuit voltage Voc, fill factor FF, and the 

conversion efficiency η. This becomes apparent from the illuminated I-V characteristic.  

Standard test conditions for a reliable test of the I-V characteristics are vital to performing 

the Standard Test Conditions (STC).  The total irradiance on the solar cell under test equals 

1000 W/m², and the spectrum should match the AM1.5 spectrum. Finally, the temperature 

of the solar cell should be constant at 25°C.  As the performance of a solar cell strongly 

depends on the temperature. 

 

2.1.3 Output parameters of the solar cell. 
 
2.1.3.1 Short circuit current (Isc). 
The short-circuit current (Isc): is the maximum current at zero voltage. The short-circuit 

current is dependent on the photon flux incident on the solar cell, determined by the incident 

light spectrum.  For standard solar cell measurements, the spectrum is standardised to the 

AM1.5.  Therefore, the short-circuit Voltage, Isc, is the maximum current through the solar 

cell at zero voltage.  The short circuit current is dependent on the lowing factors, 

 

 The area of the solar cell, cell area, to remove the dependence of the solar cell 

area then Jsc, the current density in M.A./cm². 

 The number of photons, Isc, from the solar cell depends on the light intensity. 
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 The spectrum of light is the standard ATM 1.5. 

 The optical properties. 

 The collection probability depends upon the surface passivation.  

 This details that the short circuit current is dependent on the generation rate and 

the diffusional length. 

 

According to the “peak power,” a photovoltaic panel’s performance recognises the 

maximum power the panel provides when it receives solar radiation of 1 kW/m² at a cell 

temperature of 25°C. However, these conditions are insignificant because solar radiation 

has a variable intensity, with considerable temperature changes to the exposed panel [9]. 

 

 

Two crucial considerations of the I-V curve of a PV module are the short-circuit current 

and the open-circuit voltage. But, of course, that alters with the solar irradiance and the 

ambient air temperature [10].  

Andreev et al. stated, “the photocurrent increases the temperature by 0.1%°C−1, causing 

a reduction in the solar cell gap [11].  Thus, reducing the open-circuit voltage by 

−2 mV °C−1 between 20°𝐶 and 100°C and an increased saturation current “. These two 

effects cause a reduction in the maximum power by 0.35%°C−1 “.  This change is 

estimated between −0.3 and −0.5%°C−1; these influences on the solar cell have specific 

consequences on the PV cell’s electrical efficiency or module [12]. 

 

2.1.3.2 Open circuit voltage (Voc). 

The maximum voltage produced is the open-circuit voltage (Voc): the voltage at which no 

current flows through the external circuit. Voc parallels the forward bias voltage, at which 

the dark current density compensates for the photocurrent density.  Voc depends on the 

photo-generated current density and can be calculated, assuming zero net current. 

 

2.1.3.3 Fill factor (FF). 
𝑷𝒎𝒂𝒙 = 𝑽𝒎𝒂𝒙 𝑰𝒎𝒂𝒙                       (2.5) 

 

𝑭𝑭 =  
𝑰𝒎𝒑𝑽𝒎𝒑

𝑰𝒔𝒄𝑽𝒐𝒄
=

𝑷𝒎𝒑

𝑽𝒐𝒄𝑰𝒔𝒄
                             (2.6) 
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FF = Fill factor       

Imp = Current at Maximum power      

Isc = Short circuit current        

Voc = open circuit voltage   

Vmp = Voltage at Max power    

Pmp = Maximum power point   

 

The efficiency of the Fill factor is defined as the ratio of the maximum power output (Pmax) 

at the maximum power point to the product of the open-circuit voltage, and short circuit 

current density is expressed as;  

 

Ղ =
𝑰𝒔𝒄𝑽𝒐𝒄

𝑷𝒊𝒏
=

𝑷𝒎𝒑

𝑷𝒊𝒏
                                    (2.7) 

 

 

This calculation is more suited for calculating the FF of an experimental I-V curve of the 

solar cell.  It considers the effects of the series resistance (Rs) and the shunt resistance 

(Rsh) to calculate the theoretical FF on the cell’s performance.  

 

Green gave the Fill factor calculation expression to provide greater accuracy, which offers 

the maximum possible value of FF. And does not consider resistive losses, the series 

resistance (Rs) and the shunt resistance  (Rsh) [13]. 

 

𝑭𝑭 =
𝑽𝒐𝒄 𝑰𝒏 (𝑽𝒐𝒄 𝟎.𝟕𝟐)

𝑽𝒐𝒄 𝟏
                          (2.8) 

 

To calculate the temperature dependence of the FF with T 

 

𝒅𝑭𝑭

𝒅𝑻
=

𝒅𝑽𝒐𝒄

𝒅𝑻

𝑽𝒐𝒄

𝑻

(𝑽𝒐𝒄 𝑽𝒕𝒉)
                                         (2.9) 

 
𝑽𝒐𝒄

𝑽𝒕𝒉 𝟎.𝟐𝟖
𝑽𝒐𝒄

𝑽𝒕𝒉 𝟎.𝟕𝟐
 − 𝑭𝑭                                (2.10) 
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The efficiency of the solar cell: ratio of the power output corresponding to the maximum 

power point to the power input, where Pin is the intensity of the incidental radiation. 

 

ղ =
𝑷𝒎𝒂𝒙

𝑷𝑰𝒏.  𝑨𝒓𝒆𝒂
   or     ղ =

𝑽𝒐𝒄∗𝑰𝒔𝒄∗𝑭𝑭 

𝑷𝑰𝒏
 

 

   2.1.3.4 Maximum power (Pmax). 

The maximum power, Pmax, Is the maximum power output at optimal operating 

conditions 

𝑷𝒎𝒂𝒙 = 𝑽𝒎𝒂𝒙 𝑰𝒎𝒂𝒙                   (2.11) 

 

 

The most significant material parameter is diffusion length and surface passivity when 

comparing similar material types of solar cells. For example, in a cell with a perfectly 

passivated surface and uniform generation, the equation for the short-circuit current is 

defined as: 

 

𝑰𝒔𝒄 =  𝑸𝑮  (𝑳𝒏 + 𝑳𝒑)                             (2.12) 

 
 

2.1.3.5 Equivalent Circuit of a PV Cell. 
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Figure 2. 4: Fill factor and Efficiency of the Solar Cell. 

 

A more substantial potential from only a fraction of solar irradiation requires an examination 

of the PV module performance parameters. Voc, Isc and the FF are three significant 

essential parameters. Maximising all three parameters is necessary for an efficient 

operation. The fill factor and Efficiency graph of the Solar Cell is shown in Figure 2.4. 

 

 F.F. 

 Voc. 
 Isc. 

 

The F.F. measures the efficiency of a solar PV module, The F.F. and the ratio of  Pmax 

to the product of Voc & Isc, the percentage of the actual ultimate achievable power. 

𝑭𝒊𝒍𝒍 𝑭𝒂𝒄𝒕𝒐𝒓 (𝑭𝑭) =
𝑷𝒎𝒂𝒙

𝑽𝒐𝒄 𝒙 𝑰𝒔𝒄
                         (2.13) 

The performance of a photovoltaic panel is according to the “peak power”.  The panel’s 

maximum electric power receives solar radiation of 1 kW/m² at a cell temperature of 25°C. 

These conditions are insignificant because the insolation has a variable intensity, and the 

panel is exposed to considerable temperature changes [14]. 

 

Two critical factors of the 𝐼-𝑉 curve for a PV module; are the short-circuit current (𝐼sc) and 

the open-circuit voltage (𝑉oc) that change with solar irradiance and ambient air temperature 

[15].  Andreev et al. identify a photocurrent temperature increases at 0.1%∘C−1, reducing 

the solar cell gap, causing the open-circuit voltage to decrease at −2mV∘C−1 between 20 

and 100∘C gap and an increase in the saturation current [16].  Both effects lead to a 
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decrease in the maximum available power equal to 0.35%∘C−1.  This influence has been 

estimated between −0.3 and −0.5%∘C−1 [17].  These influences on 𝐼sc and 𝑉oc have 

significance on the electrical efficiency of the PV cell or module. 

 
Several authors have proposed and used many correlations for calculating the 

electrical performance of a PV module, as defined by Skoplaki and Palyvos [18]. 

 

These relations especially emphasise the silicon temperature’s role that is deemed the 

main parameter modifying the conversion efficiency. For example, the expression planned 

by Evans to describe the module’s efficiency 𝜂 in equivalence of given values of the 

operating temperature 𝑇𝑐 and insolation 𝐺 is well known [19]: 

 

𝜼 = 𝜼𝒓𝒆𝒇 𝟏 − 𝒙(𝑻𝑪 − 𝟐𝟓) + 𝜺𝒍𝒐𝒈𝟏𝟎
𝑮

𝑮𝒓𝒆𝒇
                            (2.14) 

 

Based on 𝜂ref, is the efficiency at Standard Test Conditions (STC) in which the solar 

irradiance 𝐺ref is 1000W/m2, and the cell temperature is 25∘C.  The insolation coefficient 𝜀 

and temperature coefficient 𝜒 the have values of 0.12 and 0.004K-1, respectively, for 

crystalline silicon modules [20].  Other correlations, recently proposed in Mattei et al., Koehl 

et al. and Skoplaki and Palyvos, use experimental constants whose values only refer to a 

few models of PV panels [21]. 

The cell temperature appears to be an essential parameter to study. The solar cell 

operating temperature is one of the critical parameters in establishing the energy 

conversion efficiency of a Solar cell panel: the efficiency of a Solar cell device is a 

decreasing function of the 𝑇𝑐 temperature (23).  

Several available empirical correlations in the literature obtain the PV panel operating 

temperature. These correlations have advanced for common geometries and standard 

weather variables.  From a mathematical point of view, the correlations for the PV operating 

temperature are either obvious in form. Giving 𝑇𝑐 directly or implicit in form; they involve 

variables that depend on 𝑇𝑐; in the last case, a repetition procedure is essential.  Most 

relationships typically include the reference condition and the appropriate variables’ 

corresponding values [22]. 

The typical procedure to determine the cell temperature 𝑇𝑐 consists of using the Normal 

Operating Cell Temperature (NOCT) [23-25]. 
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The PV module manufacturer gives the value of this parameter: 𝑇𝑐 is then dependent on 

the ambient temperature 𝑇𝑎 and the ratio of insolation 𝐺 [W/m2] to the standard value of 

800W/m2, according to 

 

 
 

𝑻𝑪 =  𝑻𝒂 (𝑻𝑵𝑶𝑪𝑻  − 𝟐𝟎)
𝑮

𝟖𝟎𝟎
                                                    (2.15) 

 
 
 

Therefore, to predict the yield output of the PV system, it is essential to evaluate the 

operating conditions under the following conditions. Insolation, panel temperature, wind 

speed, air temperature electrical load operating time while producing electricity [26]. The 

analysis proposes that 𝑉 𝑉 ,    ⁄ (𝐺  𝑇 ).   The ratio is characterised by the electricity 

produced by a PV panel [27]. 

These parameters are well-defined in the paragraphs below. 

 

  2.1.3.6 Isc. 
The short-circuit Voltage, Isc, is the maximum current through the solar cell at zero voltage.  

The short circuit current is dependent on the lowing factors, 

 The area of the solar cell, cell area, to remove the dependence of the solar cell 

area then Isc,  the current density in M.A./cm²     

 The number of photons, Isc, from the solar cell depends on the light intensity. 

 The spectrum of light is the standard ATM 1.5 

 The optical properties 

 The collection probability depends upon the surface Passivation  

 

𝑰𝒔𝒄 =  𝑸𝑮  (𝑳𝒏 + 𝑳𝒑)                           (2.16) 

This details that the short circuit current is dependent on the generation rate and the 

diffusional length. 

   2.1.3.7 Pmax. 

The maximum power, Pmax. Under these conditions, the maximum electrical energy is 

called peak power (Pmax) in Wp (Watt-peak).  The idea of watt-peak compares the 
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performance of the PV installations and, under optimal conditions, predicts the amount 

of electricity they can create. 

 2.1.3.8 Voc. 

The open-circuit voltage, Voc, is the maximum voltage available from the solar cell with no 

load when the current is zero. 

Open circuit voltage how many volts the PV will produce with no load.  Measuring with a 

voltmeter across the plus and minus leads; will show the Voc.  The solar panel has no load 

on it, producing no current. This is the maximum voltage the PV can create under standard 

test conditions(STC). When determining how many solar panels can be wired in series, this 

is the number to use going into the inverter or charge controller. 

 2.1.3.9 Fill factor. 
The fill factor, F.F., is the maximum power. This is the ratio of the maximum output power 

(Pmax) at the maximum power point to the product of the open-circuit voltage (Isc) and 

the short circuit current (Isc) density. 

 𝑭𝑭 =  
𝑷𝒎𝒂𝒙

𝑽𝒐𝒄 𝑰𝒔𝒄
                     (2.17) 

Green gave an expression for the calculation of FF to excellent accuracy. 

 

 𝑭𝑭 =  
𝑽𝒐𝒄 𝑰𝒏(𝑽𝒐𝒄 𝟎.𝟕𝟐)

𝑽𝒐𝒄 𝟏
                    (2.18)                               

  

  

 

Equation (2.17) is suitable for calculating FF as an experimental I-V curve of the solar cell. 

However, equation (2.18) gives the maximum possible FF valve as it does not consider 

resistive losses. 

 2.1.3.10 NOCT. 
The Shockley-Queisser (S.Q.) limit gives the maximum efficiency for a single-junction 

photovoltaic device, 33.8% under 1,000 W m−2 solar irradiation with AM1.5G spectral 

distribution. 

The standard operating temperature, NOCT, is crucial for its energy output. It is usually 

rated in Standard Test Conditions ( STC = 1000W/m², Am 1.5, 25°C).  However, their 
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operating temperatures are generally significantly higher and thus indicate the cell’s 

temperature.  However, this is not constantly occurring with actual operating temperatures. 

They may be far exceeded, depending on several factors wind speed, irradiance, and 

ambient temperature.     

First-generation silicon solar cells, although this technology has high conversion. However, 

its raw material has associated high costs, and the manufacturing process is complex, with 

several issues impacting the efficiency: 

 

The photons’ energy hitting the solar cell is less than the bandgap, so the light cannot 

be converted into electricity and is lost.  

The incoming photons’ energy is greater than the bandgap, so the excess energy is 

lost as heat.  

 

The Fermi levels (the energy level occupied by the electron orbital at temperature) 

equals 0K. The occupancy level determines the conductivity of different materials) 

Both n-type and p-type silicon is always inside silicon's bandgap, so the open circuit 

voltage is smaller than the bandgap.  

 

Second-generation thin-film solar cells have lower efficiency levels. And are cheaper to 

manufacture; these types of thin-film solar cells have both advantages and disadvantages: 

 

Advantages: 

 It has high absorption co-efficient  

 It can occupy both vacuum and non-vacuum processes.  

 Lower cost in comparison to Si-based solar cell.  

Low-cost substrate (Cu tape)  

 

Disadvantages:  

 Environment Contamination starts from the fabrication process.  

 Materials are hard to find.  
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Third-generation solar cells Polymers and organics types have advantages and 

disadvantages        

 

Advantages (Polymers):  

 Raw materials are easy to find  

 Easier fabrication process rather than the other two technology  

 Cost is minimal  

 

Disadvantages (organic):  

 Liquid electrolyte (low Temperature) High cost, Ru (dye) and Pt (electrode) 

 

An effective way of increasing the efficiency level is to reduce the operating temperature; 

by cooling the module and the heat stored inside the PV system during its operation. 

 

 

2.2 Temperature effects. 
 

 2.2.1 The effects of temperature. 

The weather conditions influence solar cell performance, mainly the solar irradiance and 

temperature [28]. Reducing irradiance involves a reduction in solar cell output current and 

voltage. On the other hand, increasing cell temperature consists of a slight increase in the 

output current and a considerable reduction in voltage output, resulting in an overall 

decrease in output power.  These effects are illustrated in Figures 2.5 and 2.6. 

 

 

Figure 2. 5: Effect of irradiance on solar cell I-V curve. 
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Figure 2. 6: Effect of temperature on solar cell I-V curve. 

 

Solar panels were tested in a laboratory setting under the Standard Test Conditions (STC) 

of 1000 W/m2 incident solar irradiance, cell temperature 25°C, wind speed 0.0 and air mass 

spectrum1.5.  STC seldom occur in actual outdoor conditions; therefore, the cell 

temperature, most of the time, under actual operating conditions, will be greater than 25°C, 

especially in hot environments. Consequently, they cannot be used to evaluate the actual 

performance and energy yield of a PV System [29]. Various solar cell technologies have 

different responses to temperature variations. Hamrouni et al. explored ambient 

temperature and solar irradiance on the solar pumping system’s performance [30].  They 

concluded that high ambient temperature decreased the pump flow rate and overall system 

efficiency.  Priyanka and Ravindra studied the solar cell's critical characteristics' 

temperature dependence (in the range of 273–523 K). Namely, the short circuit current 

density, open-circuit voltage, fill factor and efficiency [31]. 

Module temperature conditions affect a PV power system output. These conditions will 

affect its overall performance as it modifies the system efficiency and output energy.  As 

temperature increases, the bandgap lessens, and the open-circuit voltage Voc decreases. 

 

 2.2.2 Temperature effects on various solar cell technologies. 

Solar cells of various semiconductor materials such as.  Si, GaAs, InP, CdTe and CdS.  

They determined that the overall performance decreases with the increase in temperature.  

Dubey et al. reviewed literature investigating the relationship between cell temperature and 

solar cell performance. And established when using the data found in the literature to 
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estimate solar cell temperature provided consideration since those terms apply only for 

restricted mounting [32]. Tobnaghi et al. experimentally accomplished coefficients to 

evaluate the electrical parameters of solar cells with temperature discrepancies. The most 

significant coefficient obtained described the decrease of maximum power output with the 

increase in temperature, with a coefficient factor of -0.005 mW/°C [33]. 

 

2.2.3 Measurement of cell temperatures.  
 

 2.2.3.1 Ambient Temperature. 
Temperature effects result from all the conditions of crystalline silicon modules. As the 

temperature increases, it loses voltage and conversely generates a higher voltage as 

temperature decreases.   

 

 

Figure 2. 7: Effects of irradiation and cell temperature on PV cell characteristics, (a) 
effect of increased irradiance and (b) effect of increased cell temperature [10]. 

  

Figure 2.7 above details the effects of increased temperature and irradiance on the cell 

characteristics. In particular, in Figure 2.7(a), the open-circuit voltage increases 

logarithmically by increasing the irradiance. Nevertheless, the short circuit current has 

achieved a linear increase. The cell temperature effect on the cell characteristics is detailed 

in Figure 2.7(b).  The main impact of the rise in cell temperature is the open-circuit voltage, 
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decreasing linearly with the cell temperature. As a result, the efficiency drops; the short 

circuit current increases slightly with cell temperature [34]. 

The procedure to determine the expected operating cell temperature (NOCT) of a PV 

module included in the IEC standards; is based on the fact that the difference between 

module temperature (Tm) and ambient temperature (Tamb) can be measured independent 

of the ambient temperature and linearly proportional to the irradiance level above 400W/m2 

[35]. 

 

𝑻𝒎 = 𝑻𝒂𝒎𝒃 + (𝑵𝑶𝑪𝑻 − 𝟐𝟎)
𝑬

𝟖𝟎𝟎
                     (2.19) 

𝑬 is the Irradiance in W/m2.  
A PV cell’s energy conversion efficiency (ղ) is the percentage of power converted (from 

absorbed light to electrical energy) and collected. 

This term was calculated using the ratio of maximum PowerPoint. Pmax, divided by the 

input light irradiance (E, in W/m2 under standard test conditions, and the surface area of 

the PV cell (AC in m2).  

ղ =
𝑷𝒎𝒂𝒙

𝑬𝑨𝒄
                                                                     (2.20) 

The efficiency in a PV module decreases with increasing the module temperature Tm. 

 

 

Figure 2. 8: Relationship of the PV module efficiency (ղ) and the 

PV module Temperature (Tm) [10]. 
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One of the essential factors in increasing efficiency is Improving solar cell efficiency and 

reducing production costs.  Research is ongoing to increase the efficiency of commercial 

solar cells. To improve efficiency and reduce the rate of thermal degradation, an effective 

way to achieve this is by lowering the surface operating temperature, which will be 

discussed later in this thesis. 

 

2.2.4 The influence of irradiation. 

Solar radiation has a direct effect on the Panel output power. Which varies caused of 

the location and the time of the day; Figure 2.8 (a) shows a logarithmically increase in 

the open-circuit voltage (Voc) and a linear increase in short circuit current (Isc). 

 

 

Figure 2. 9: Effects of irradiation and cell temperature on PV cell characteristics, (a) 
effect of increased and (b) effect of increased cell temperature [8]. 

 

2.2.5 Inverter efficiency. 

Inverters are essential for autonomous or grid-connected photovoltaic (PV) systems. These 

inverters affect the overall performance of the PV system. Inverter problems and problems 

are difficult to notice unless the inverter shuts down. Solar inverters are very efficient. 

Depending on the make and model, 93-96 per cent (not 100 per cent), some of the input 

DC power utilised to run about 10-25 W. However, you can improve efficiency using an 

electronic technology called Maximum Power Point Tracking (MPPT). The combination of 
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current or voltage determines the maximum output of the solar cell. It constantly changes 

depending on the level of light, shade, temperature, and the characteristics of the PV panel. 

The MPPT system continuously searches this point to extract the maximum power available 

from the cell. Multiple MPPT systems can maximise yield even if the array is partially 

shaded. 

 

As with any grid-connected photovoltaic (PV) system, the inverter is a crucial device that 

converts the photovoltaic array's direct current (DC) to the alternating current (AC) used in 

the grid. Inverters convert direct current to alternating current and condition the photovoltaic 

system to get the maximum power. Power is the product of current (I) times voltage (V). 

Therefore, inverters have electronics that regulate the DC voltage to maximise the 

production of current and voltage (I*V). This process is called Maximum Power Point 

Tracking (MPPT). 

 

The electricity or current produced by solar cells is direct current (DC). The electricity 

produced is not constant over time, as the intensity of sunlight depends on weather 

conditions. Since the energy generated by PV systems changes frequently, it is not easy 

to use the power obtained from PV units directly. In general, the output characteristics of 

solar cells depend on the solar radiation, the cleanliness of the surface of the solar cells, 

and the environmental aspects of the solar cell group, such as the operating temperature 

of the cell surface [36]. 

Energy losses in PV systems are significant factors affecting energy production. It is 

essential to convert DC uneven energy into constant energy DC or AC. An integral 

component of stable power transmission is the inverter. The inverter is responsible for the 

regular output power from PV units. The inverter’s efficiency is good when there is little 

difference between the input and output power. However, due to the nature of the device, 

power loss is inevitable. System losses occur while converting DC, produced by PV panels 

and solar cells, into AC, a consumable form. All power losses that occur in an inverter are 

considered system losses. No transformer can achieve 100% efficiency when converting 

from direct to alternating current. Therefore, the output power (AC) is not as high as the 

input power (DC). 

Inverter efficiency ranges from 95 to 98%, and efficiency may vary depending on DC input 

power and voltage. The research was carried out to maintain the productivity of the inverter 
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by isolating the maximum power from the solar panel using the Maximum Power Point 

Tracking (MPPT) algorithm [37,38]. 

 

Determining the actual efficiency of an inverter Rather than relying on the efficiency 

provided by the manufacturer, the solar energy produced must be estimated first [39].  The 

power output varies mainly with environmental factors.  Solar radiation is a significant factor 

affecting energy production.  Some studies are underway to estimate solar radiation to 

predict future energy production [40-42].  Studies on estimating the power output based on 

ambient temperature, wind speed, and incident light [43-45].  Methods based on historical 

weather data; There is a significant correlation between present or past and future solar 

energy generation weather conditions.  Machine learning Artificial neural networks and 

Support Vector Machines (SVM) [46-48] can be suited for solar energy estimation. 

Techniques that utilise long short-term memory (LSTM) are a method for analysing time 

series of weather data using past and current weather data [49,50].  Other studies present 

methods using an adaptive linear time-series model and a technique for applying past data 

and predictions to the fuzzy decision tree model [51-53].  Further studies have been 

conducted based on the linear regression model used to study the sun. 

 

2.2.6 Energy production and losses.  
 2.2.6.1 Mismatch losses.    

Two modules of the same type from the same manufacturer are not perfectly identical; 

manufacturing variation leads to minor variation in the electrical parameters of the modules.  

This loss represents these manufacturing variations. However, these losses are not applied 

to designs using microinverters or DC optimisers. Because these module-level power 

electronics isolate the modules from one another. 

                                                                                        

2.3 Temperature coefficient.  
One of the main parameters affecting solar cell performance is temperature; the solar cell 

output decreases with the temperature increase.  Therefore, selecting the proper solar cell 

technology that performs better at a specified location considering its average temperatures 

is crucial.  

Tobnaghi et al. obtained coefficients to estimate the variations in solar cells’ electrical 

parameters with temperature.  The most significant coefficient obtained described the 
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decrease of maximum power output with the increase in temperature, with a coefficient of -

0.005 mW/°C. 

Ye et al. performance monitoring different solar cell technologies in Singapore (tropical 

climate). Including monocrystalline Si, heterojunction crystalline Si, multi-crystalline Si, 

double-junction Si, single-junction/double-junction amorphous Si, CdTe and CIGS.  In this 

work, the degradation rates were calculated using Statistical decomposition methods. As a 

result, the degradation rates for monocrystalline Si modules establish to be less than or 

equal to -0.8% per year, multi-crystalline Si modules -1% for, amorphous Si -2% for CdTe 

modules and CIGS modules -6% [54]. 

 

2.4 Types and performance of cooling systems. 
 

Cooling methods and systems are identified in Figure 2.10 below:  

 

Figure 2. 10: The main cooling methods [8]. 

 
 

Cooling systems are classified further as either passive or active.  Passive cooling does 

not require mechanical or electrical power input because it exploits natural laws.  Active 



 

73 
 

cooling instead is obtained using a fraction of the cell power output. It is usually easily 

controllable and independent of the work conditions.  The use of part of the energy output 

reduces the overall system efficiency. 

 

2.4.1 Passive cooling systems.  
 2.4.1.1 Air Cooling. 

These air-cooling systems are clarified as Natural airflow and Forced air circulation. 

 2.4.1.2 Natural airflow.  
It is the most common method for cooling the PV panels due to its simplicity, no extra 

materials, and relatively low cost. However, photovoltaic panels’ cooling can be improved 

if metallic materials with fins installed on the back of PV panels are installed to ensure 

excellent air circulation [55]. Using natural airflow between the vertical building walls and 

the PV system mounted on them, the photovoltaic panels’ temperature can be maintained 

at less than 40°C lower by almost 20°C [56]. 

 

 2.4.1.3 Forced air Circulation. 
Forced air circulation is an effective method to cool the photovoltaic panels. However, there 

are other methods to air circulation, such as an open channel beneath, a steel plate with 

an air-channel below, and an array of air ducts below the PV panels with ideal fins [57,58]. 

Teo et al. used the array ducts, notably decreasing the temperature of the photovoltaic 

panels. Their efficiency increased between 12 and 14%. 

 

 2.4.1.4 Water Cooling. 
These water-cooling systems Can be further defined as water flowing, Water spraying, PV 

floating or immersed, PVT and Nanofluids.  

 

Cooling using water for photovoltaic panels has been studied since the late 1960s when 

the first hybrid photovoltaic panel and solar thermal collector panels (PVT) were fabricated. 

This technology underwent rapid development after the 1990s. Nowadays, there are many 

PVT types, such as natural and forced water circulation, non-concentrated and 

concentrated sunlight, glazing, without glazing, with and without absorber plate, and other 

types [59]. 
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These hybrid panels produce electric and thermal energy, utilising almost the same space.  

He et al. studied a PVT consisting of a monocrystalline silicon panel placed on the absorber 

plate with a water pipe attached underneath.  The water circulation is a natural one.  The 

photovoltaic panel’s efficiency is comparable with the one without a solar collector fitted; a 

Photovoltaic panel with the solar collector installed is approximately 40% efficient.  

 

The hybrid system's efficiency is greater than that of a conventional system [60].  Yang and 

Yin found that the PV panel’s maximum power in hybrid systems increases by 23% 

compared to a single PV panel. The solar thermal collector generated 661 W/m2 [61].  Xu 

et al. recommended a concentrated PVT system. The Fresnel lenses and an optical prism 

concentrate the sunlight up to 1090 suns.  The efficiency of photovoltaic cells is 28%, and 

the thermal efficiency is 60% [62]. 

 

 2.4.1.5 Water flowing or spraying. 
Several studies have examined the performance of the PV cells experimentally with active 

cooling water. Nizetic et al. investigated water spray cooling’s impact on the PV panel’s 

performance in the highest solar irradiation level environment [63]. Both sides of the PV 

panel cooled simultaneously by utilising twenty nozzles, ten on each side, as shown in Fig. 

2.10. The results of three different cooling cases: front side cooling, rear side cooling and 

both sides are compared with a non-cooling case. The research suggested that the water 

spray cooling had a practical effect on the performance of PV panels. The best case was 

the simultaneous front and back side cooling of PV panels. Lastly, depending on the 

investigational results, the water spray cooling system had a good impression on the PV 

panel performance.  

Abdolzadeh et al. studied the impact of water spray cooling on the performance of 

photovoltaic water pumping experimentally [64].  The configuration with two modules and 

a 25 lit/h/ water spray was called ‘A’. The design with three modules, five lit/h/module and 

25 lit/h/module water spray were called the ‘B1’ and ‘B2’, respectively, were used in the 

test.  In “A” and “B1”, the module temperature was decreased, reduced in case A was more 

significant than “B1”, as shown in Fig. 2.11.  

The experimental results suggested that spraying water on the PV module significantly 

improved system performance. Therefore, Irwan et al. studied the PV panel’s performance 

using the water-cooling method [65]. A solar simulator carried out an indoor test consisting 

of twenty 500 W halogen lamps and two 50W Monocrystalline PV panels used in the trial. 

A DC water pump is used to spray water and connected to one of the panel’s front surfaces, 
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and the other panel is used as a base panel. It was seen from the experimental results that 

the operating temperature of the PV panel incorporating the water-cooling system was 

reduced by 5–23°C. And the power output was increased by 9–22%; therefore, water 

cooling is one way to enhance the PV panel’s electrical efficiency, as shown in Figs. 2.12–

13.  

 

 

 

Figure 2. 11: Schematic layout of the specific experimental setup. 
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Figure 2. 12: Water spray affects the module temperature. 

 

 

Figure 2. 13: Operating temperature of PV panel with and without water cooling 
mechanism. 
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Figure 2. 14: The maximum power output of PV panel with and without water 
cooling mechanism. 

 

 2.4.1.6 PV floating or immersed. 
Clot et al. studied the PV single crystalline silicon panel’s behaviour submerged in water. 

IN NATURAL CONDITIONS, the PV panel temperature is around 70°C, but the 

temperature decreases to 30°C if submerged at 4 cm. The efficiency of the panel 

submerged increases by 11%. This increase is limited by water absorption. If the PV panel 

is submerged at 40 cm, the efficiency decreases by 23%. 

Floating photovoltaics are another possibility of lowering the temperature of photovoltaic 

panels. Cazzaniga et al. described a floating PV photovoltaic facility that operates at low 

flow rates in concentrated light. Photovoltaic panels Sacramento et al. cooled using a 

watering device. Two polycrystalline silicon panels were used to compare their behaviour 

when mounted on the ground, the other floating on water. The efficiency of floating PV 

panels is 12.5% higher than other PV panels. 

 

2.5 Photovoltaic thermal systems (PVT).  
 
Karami and Rahimi used water-based boehmite at 0.01% by weight to cool the PV 

modules, and the efficiency gain was 27%. Hussien et al. used Al2O3 water nanofluid with a 

concentration ratio of 0.3% to improve the performance of the PV / T hybrid panel. The 
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tests were carried out at 1000 W/m2 and a mass flow rate of 0.2 L/s for 24 minutes. As a 

result, the photovoltaic module temperature drops from almost 79°C to 35°C. 

2.5.1 Nanofluids. 
The solar cell module illuminated 917 W/m2 cooled with a concentration ratio of water, TiO2 

/ water, ZnO / water, Al2O3 / water, 0.2%. The most significant improvement in electrical 

efficiency was 6.36% Al2O3 / water, and the lowest with 5.48% water. Rostami et al. The 

solar cell module was cooled using nanofluids and ultrasonic waves 

simultaneously. The study found that: 

The PV panel efficiency increases from 8% without nanofluid to 12% incorporating 

nanofluid; this means a 50% improvement in performance.  

The variations of the nanoparticle concentration of 0.01% - 0.8%, 

A flow rate from 0.4 m3/h to 12.5 m3/h,  

The level of illumination is 1000 W/m2.  

PV temperature results are influenced strongly by flow rate and 0.8% nanoparticle 

concentration rate. PV temperature dropped from 49°C to 24°C, and flow rate increased 

from 0.4 m3 / h to 12.5 m3 / h, the temperature dropped again from 36°C to 24°C, 

concentration rate changed from 0.01% To up to 0.8% at a flow rate of 12.5 m3 / h. 

 

2.5.2 Thermo Electric Generator (TEG). 
The thermoelectric generator (TEG) is a device for directly converting thermal energy into 

electrical energy based on the Seebeck effect. It has presented urgent potential in the case 

of waste heat recovery.  The TEGs have many advantages: no moving mechanical parts, 

are long-lived, quiet, environmentally friendly, and require little maintenance [66].  As a 

significant cause of the fuel crisis and environmental pollution, the internal combustion 

engine (ICE) drives vehicles with only 30% of the total heat generated by gasoline.  During 

this process,  40% of the heat escapes through the waste gas exhaust and the remaining 

30% by the coolant [67].  The TEG using automobile waste exhaust as a heat source 

assumed a new alternative way to reduce ICE loads and decrease fuel consumption and 

environmental pollution. 
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Figure 2. 15: Seed back effect illustration. 

 

A thermoelectric cooler (TEC) is a small cooling device that relies on a Peltier junction.  

Composed of two conductors made of different materials, a Peltier junction (J.C. 

Peltier1833) acts as a heat pump that can warm or cool.  When current passes through the 

contacts of two dissimilar conductors in a circuit, a temperature differential appears 

between them. This briefly described phenomenon is the basis of thermoelectricity and is 

applied actively in the so-called thermoelectric coolingmodules.  In contrast to the Joule 

heating, which is proportional to the square of the current: 

Q = R x I2 

the Peltier heat (Qp) varies as a linear function of the current and changes its sign with it: 

 

Qp = P x q 

 

Q is the charge that passes through the junction (q = I x t), and P is the Peltier coefficient, 

whose value depends on the contact materials’ nature and temperature.  The typical way 

of presenting the Peltier coefficient is the following: 

P = α x T 

 

Here, α - alpha is the Seebeck coefficient defined by contacting materials, properties, and 

temperature.  T is the junction temperature in Kelvins. 
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2.5.3 Active cooling systems. 
 2.5.3.1 Passive and active cooling. 
Usually, cooling systems a r e  classified as passive or active.  Passive cooling does not 

require mechanical or electrical power input because it exploits natural laws.  Active cooling 

instead is obtained using a fraction of the cell power output. As a result, it is 

independent of the work conditions and easily controllable. However, using part of the 

energy output reduces the overall system efficiency. 

In 2005, published a complete review on the cooling system for photovoltaic cells under 

concentrated illumination.  Royne et al. stated that passive cooling was not feasible for 

densely packed cells or linear concentrators with temperatures above 20  suns.  They 

concluded that micro-channel heat sink or impinging jets, both active cooling systems, 

were the  

In 2008, Yeom and Shannon [68] reviewed micro-coolers, but only a few reported 

technologies were passive.  In 2007, Tseng et al. applied Taguchi’s statistical method to 

optimise the passive cooling systems for electronic devices. Passive cooling is more 

reliable than active cooling and reduces the potential damage caused by cooling failure. 

Some references use different definitions for passive and active cooling.  Active cooling 

refers only to the so-called photovoltaic/thermal (PV/T) technology, where the PV waste 

heat; is recycled for water heating and other purposes.  

Specially designed PV/T collectors can facilitate the replacement of the outer walls and 

roof coverings. These collectors used the following: hospitals, schools, hotels, private 

houses, and flat developments for water heating and electrical power supply. With their 

great application and potential, hybrid collectors have been the subject of intensive 

scientific research and technical development for many years. Researchers and 

manufacturers; to increase the efficiency of PV modules and thermal absorbers by using 

new designs and material types and their proper integration into the PV/T collector.  It is 

necessary to reduce the manufacturing cost of these systems to make them more 

competitive in the market.  

2.5.4 Key characteristics.  
 2.5.4.1 Heat pipes. 
Micro-heating tubing (MHP) can provide good heat transfer and reduce the thermal 

resistance between the cell and the cooler. Couture [69] defined a micro-heat pipe as a heat 

pipe “small enough. That the mean curvature of the vapour-liquid interface is necessarily 

comparable in reciprocal magnitude to the hydraulic radius of the total flow channel.”  
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In the scientific literature, microscopic temperature pipes are active and passive 

configurations [70].  Yeom and Shannon summarised MHP’s efforts from 1996 to 2007 and 

reported that the heat flux removed from MHP ranged from a few watts / cm2 to over 300 W 

/ cm2.  Given this high heat output level, micro heat pipes can be viable for passive CPV 

cooling. 

 

 2.5.4.2 Cross-sections. 
Hung and Sang [71] reported that micro heat pipes’ thermal output is closely related to 

the cross-section’s geometry.  Various cross-sections have b designed and tested 

to improve the return flow of the working fluid. Peterson et al. Showed that a triangular 

section micro heat pipe’s performance was superior to a rectangular section due to the more 

significant capillary pump effect [72]. 

Moon et al. confirmed this result with MHP with curved sections [73].  Suman and Kumar 

developed an analytical model to study MHP performance. They considered MHP with two 

cross-sections: an equilateral triangle heat pipe with a 400 µm side and a 400 µm 

rectangular heat pipe [74].  Pentane is used as the working fluid and silicon as the substrate.  

Suman and Kumar showed that heat pipe performance deteriorated as the number of sides 

increased. 

 

 

 

 

 

Figure 2. 16: Thermal conductivities of a silicon wafer with a rectangular heat pipe 
array, with a triangular heat pipe array and without heat pipe array, adapted from 

[72]. 
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Kang and Huang produced MHP with star grooves and MHP with diamond grooves [75]. They 

reported an increase in thermal conductivity of 33.6% for stellar-grooved MHP and 39.1% 

for rhombus-grooved MHP compared to conventional triangular MHP.  The authors stated that 

better achievement in capillary action in more star and diamond groove devices with more acute 

angles and improved gaps. As reported by Hung and Tseng, the sharpness and the number of 

sharp corners. Two critical source geometries determine the capillary pumping capacity and 

thus, determine the performance of the micro heat pipe. For common polygonal shapes, 

the corner’s sharpness depends on the number of corners: the corner angle decreases as the 

number of corners increases. With the asterisk groove MHP, the number of corners 

and the corner angle do not interact.  

 

For these reasons, Hung and Tseng found that star-gauge micro heat pipes offer greater 

capillary pumping capacity and increased heat transport capacity than ordinary polygonal micro-

heat pipes. Also, they found that an increase in the overall length of the micro heat 

pipe caused a decrease in its heat transport capacity. 

 

Wang and Peterson proposed a wire-bonded aluminium-acetone micro-heat pipe obtained 

by sandwiching an array of cylindrical wires between two flat plates [76].  Wang and 

Peterson discovered that the maximum heat transfer capacity increased when the wire 

diameter and operating temperature increased.  Also, they demonstrated that increasing 

the spacing between wires could raise the maximum heat transport capacity.  In their 

following work, Wang and Peterson confirmed this statement. Still, they added a spacing 

value where this improvement, overshadowed by the decrease in the number of heat pipes 

in the array’s maximum heat transfer capacity, became limited [77].  The optimum spacing 

distance will vary with the diameter. 

 2.5.4.3 MHP with arteries. 
This design consists of one vein channel: the traditional MHP and two neighbour arterial 

channels distributed on both sides of the vein and connected at both ends. Vapour 

carries the latent heat to the cold end in the vein, where it condenses. 

The liquid is transported to the hot end by the V-grooves’ capillary force in the micro-triangle 

pipes in the arteries.  Due to the liquid pressure difference between t h e  cold end of 

the artery and the MHP. The fluid accumulated in the condenser section is recycled in 

the evaporator sections. 
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Figure 2. 17: Working principle of MHP with arteries [78]. 

  

Liu et al. compared MHPs with and without arteries, concluding that implanted arteries 

could effectively enhance the capillary force, improve the capability to transport the liquid 

from the cold end back to the hot end, and limit the propagation of the dry-out region [78]. 

 

 2.5.4.4 Working fluids. 
The working fluid is essential for micro-heat pipes’ efficiency, a two-phase cooling 

device.  In 2003, Chien et al. proposed nanofluids in micro-heat pipes [79].  Using nano-

gold particles suspended in water, the authors obtained an average decrease of 40% in the 

MHP thermal resistance instead of pure water.  Over 30 papers on nanofluids’ application 

into heat pipes were published when this investigation was conducted.  Only the works 

on heat pipes micro-grooved have been considered in this review.  A summary of the 

results is presented in Table 1.3: each study improved MHP heat transfer through 

nanofluids’ use.  Liu Z.H. and Li Y.-Y. Cited three main reasons for this improvement in 

heat transfer: the effective thermal conductivity of nanofluids; the physical proprieties of 

nanofluids have changed, the capillary force in HP increases, and the fluid pressured to 

disperse through the micro-grooves; The nanoparticles form a thin porous layer on the 

wall, increasing the capillary strength [80].  

 

Shape of micro- 

grooved heat 
pipe 

Best performing working liquid 

type (nanoparticle size and 
optimal concentration 

Maximum reduction in 

thermal resistance (fluid 
compared with) 

 Researchers 

Disk-shaped Au/Water (17 nm) Average of 40% (DI 
water) 

Chien et al. 
[299] 
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Cylindrical 
Ag/Water 
(10nm) 
Ag/Water 
(35nm) 

50% (water) 

80% (water) 
Kang et al. 
[301] 

Cylindrical Ag/Water (10nm) 44% (water) Wei et al. 
[302] 

Cylindrical CuO-water (50nm, 1.0wt%) 39% (water) Yang et al. 
[303] 

 

Flat 

 

Al2O3-water (38.4 nm, 
0.8wt%) 

 

47.7% (DI water) 
Do K.H. and 
Jang 

S.P. [304] 
 

Flat-shape 

 

TiO2-water (20nm, 4.0wt%) 

 

27% (water) 
 

Shafahi et al. 

[305] 
 

Cylindrical 

 

TiO2-water (10nm, 4.0wt%) 

 

25% (water) 
Shafahi et al. 

[306] 

Cylindrical CuO-water (50nm, 1.0wt%) About 50% (water)  

Liu et al. [307] 

Cylindrical CuO-water (50nm, 1.0wt%) 50% (water)  

Wang et al. 
[308] 

 

Table 1.3 - Nano-fluids in micro-grooved heat pipes publications, adapted from [80]. 

 
2.5.5 MHP Fabrication. 
The manufacture of micro heat pipes usually involves standard microsystem technologies.  

Ivan et al. Deep plasma etching was used to obtain a microcapillary wick, laser-drilled in a 

wafer to fill small holes.  The two wafers were mounted using a silicon direct bond technique.  

Finally, thermal annealing using inert gas resulted in irreversible bonding due to the formation 

of covalent bonds between both surfaces 

 

In 2002 Le Berre et al. manufactured and tested two types of silicon micro-heat pipes 

[81].  The first one (shown in Figure 2.17a) consisted of 55 parallel triangular 

channels, 230µm-wide, 170µm-deep, and 20mm-long channels micro-machined on a 

silicon wafer, a separation of 130µm.  Next, a second wafer was then sealed to the first 
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to seal the device hermetically. The second design (Figure 2.17b) incorporated liquid 

transport arteries: the liquid circulated to the evaporator through etched channels.  In 

this case, the first wafer consisted of 25 triangular grooves   500µm-wide   and   320µm-

deep etched into the wafer.  The second wafer also contained 25 triangular tracks.  

Fabrication began with the thermal growth of a 1.5µm oxide layer on the wafer of the 

device.  The oxide on both sides of the device wafer is  designed as an etch mask.  The 

triangular grooves were etched using a 40wt% aqueous KOH solution at 60°C. 

F i n a l l y ,  a  simple silicon wafer seals the MHP (Si-Si direct bonding) matrices. 

 
 

Figure 2. 18: Transverse cross-sections of an MHP developed by Le Berre et al. 
MHP [81]. 

 

A star fluted MHP forged by three silicon wafers, Kang and Huang. They use the wet 

etching technology of photolithography to construct a series of 31 parallel V-

grooves. Next, three layers of wafers were eutectic bonded to form the MHP.  The whole 

process is presented in Figure 2.18. 
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Figure 2. 19: Fabrication process of the star grooved MHP [75]. 

 2.5.5.1 Miniature two-phase closed thermosyphon 
Two-phase closed thermosyphons are also known as wickless heat pipes  

(Figure 2.19). Lee defined them as heat pipes that do not use capillary force. 

Thermosyphons exploit gravitational laws: therefore, they cannot be used in orientation-

dependent applications [82].  

 

 
 

Figure 2. 20: Conceptual Design of the Loop Thermosyphon. 
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 2.5.5.2. Heat exchangers. 
Several studies have investigated the PV cells’ numerically and experimentally 

performance. They were using active cooling water with a heat exchanger’s aid. Using the 

water-cooling technique, Hussien et al. implemented an experimental investigation to 

improve the photovoltaic/thermal system’s electrical efficiency [83]. The cooling 

mechanism consisted of a heat exchanger and seven water pipes attached to the PV 

panel’s back. The PV panel’s electrical efficiency was increased in the case of 0.3 L/s water 

flow rate compared to the other water flow rate cases, as shown in Fig. 12. Bahaidarah. 

compared the PV panel’s performance with rectangular heat exchanger cooling (RHX) 

attached to the PV panel’s back without cooling [84]. The maximum cell efficiency for the 

rectangular heat exchanger cooling was 13.07%, while for uncooled PV cells was 7.82%, 

as shown in Fig. 13. Bahaidarah et al. studied experimentally and numerically. The 

performance of a hybrid PV water-cooled system [85]. A heat exchanger was connected to 

the rear of the PV cells to enhance the PV panel’s performance for the climate of Dhahran, 

Saudi Arabia. The hybrid PV-water cooled system consisted of a 230Watt monocrystalline 

type. A cooling panel (heat exchanger) is connected to the rear of the PV module, and an 

insulated tank to store the cooling water. The water-cooled PV panel’s operating 

temperature was remarkably reduced to approximately 20%, as shown in Fig. 2.22. The 

increase in electrical efficiency was around 9%. Also, the water-cooled PV system’s energy 

collection was almost four times more than the PV-only system. 
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Figure 2. 21: Water mass flow rate effect on electrical efficiency of the PV panel. 
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Figure 2. 22: Efficiency conversion variation for PV with jet cooling, RHX cooling and an uncooled 

panel. 
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Figure 2. 23: Conversion Efficiency variation for PV with jet cooling, RHX cooling and 
an uncooled panel. 

 

 2.5.5.3 Air channels. 
Several studies investigated the PV cells’ performance with active cooling using air channels 

connected to the PV panel’s back.  Teo et al. compared the PV electrical efficiency with and 

without active cooling; the influence of the operating temperature on the hybrid 

photovoltaic/thermal solar system’s efficiency [86]. The electrical efficiency decreased when 

the cells operating temperature increased for both cooling and non-cooling cases. Still, the 

electrical efficiency was higher for the cooling case, as shown in Fig. 2.21.  The experiments 

also found a linear proportional relationship between the PV panel temperature and the 

irradiation, as displaced in Fig. 2.22.  Tonui et al. investigated the performance of PV/T solar 

collectors using forced or natural air circulation to extract heat [87].  The air channel improved 

two ways to boost the heat transfer from the channel walls to airflow.  The first one was 

inserting a thin flat metallic sheet in the middle of the channel (TMS system). The second one 

is connected to rectangular fins at the rear of the channel (FIN system), as shown in Fig. 5.  

This achievement modified PVT/Air systems would considerably enhance the performance 

of larger applications of PV systems. Finally, Ameri et al. investigated the performance of 

photovoltaic/thermal air collectors experimentally [88]. 

The panels were installed on the air channel and the top of a thin metal (aluminium) sheet 

(TMS).  The study indicated that the system’s electrical efficiency is directly associated with 

solar radiation concentration, PV cells temperature, and fans’ power rate.  Therefore, the 

electrical efficiency in the case of forced convection fluctuated with several fans; however, 

there was an optimum number of fans for high electrical efficiency. The cross-sectional view 

of PVT/AIR collector models.   

2.5.5.4 Heat spreading. 
 2.5.5.4.1 Cooling fins.  
Several studies have investigated the cells’ performance. Numerically and experimentally 

using different cooling fin types and profiles.  Chandrasekar et al. used aluminium fins merged 

with the cotton wick as a passive cooling system to maintain the PV panel’s temperature [89]. 

The cooling system consists of three aluminium fins (630 × 100 × 60 mm) with a cotton wick 

attached to the underside of the crystalline silicon PV cells, shown in Fig. 2.23.  
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Figure 2. 24: Photographic view of the experimental PV module with stages of 
fabrication.  (a) Desired rear side of PV module (b) location of thermocouples (c) fins 
in conjunction with wick structures (d) details of the stiffeners, and (e) final 
fabricated experimental setup with headers.  
 

Figure 2.24.  Photographic view of the experimental PV module in fabrication stages. (a) 

Preferred underside of PV module (b) thermocouple’s location (c) fins in conjunction with wick 

structures (d) details of the stiffeners, and (e) final fabricated experimental setup with 

headers. The results identified that the PV panel’s maximum temperature decreased by 12% 

using the cooling system, and the output power was increased by 14%. Nehari et al. 

numerically investigated the fins’ proper length to identify the PV panel output power 

improvement during the passive cooling phase change material (PCM) [90]. The fins have 

remarkably decreased the temperature of the PV cells compared to the case without fins.  

 

The 25, 30, and 35 mm fins length provided a preferable PV cell cooling. Got more et al. 

studied the performance enhancement of PV cells experimentally by using fins cooling under 

natural convection [91]. Two 37 W PV panels were used in the test, and nine aluminium fins 

were attached to the back of one panel. The experimental results indicated that the PV panel’s 

cell temperature with fins cooling was decreased by 4.2% compared with the panel without 

fins. In addition, the average output power was enhanced by 5.5% in the case of the PV panel 

with fin, shown below in Figs. 2.24–2.25.  
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Figure 2. 25: Comparison of PV panel temperatures with & without fin cooling. 

 

Figure 2. 26: Comparison of output power with & without fin cooling. 

 
 

2.7 Knowledge gap. 
 

Following the extensive literature review, the knowledge gap and the motivation to carry 
out the thesis. 
 A detailed literature review has been carried out in this work 
 An analysis of the photovoltaic performance is unknown for the Kuwait climatic 

conditions 
 Methodologies for analysis of soiling performance and analysis of soiling 

characteristics is not evident for Kuwait climatic conditions. 
 The dependencies of solar technologies for its performance considering the 

soiling is not clearly reported.  
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2.8 Research question.  
Research questions have been developed based on the thesis's comprehensive 

literature review. 
 How the different photovoltaic technologies are performed inn different climatic 

conditions. 
 What impact does the photovoltaic performance have considering the soiling 

losses of the solar modules. 
 How to analyse different soiling characteristics for the improvement of efficiency 

and photovoltaic performance of the solar energy. 
 
 
 

2.9 Research aims and objectives. 
 
The research aims to develop an efficient,  
 Review of different photovoltaic system for analysing its performance in 

different conditions. 
 Methodology for developing techniques of understanding performance of 

photovoltaic systems. 
 Developing and understanding effect of photovoltaic system by analysing the 

effect of soiling losses for different conditions. 
 

 

2.10 Conclusions.  
 

The present article highlighted different cooling techniques for small domestic photovoltaic 

panels. The PV cell temperature decreases by about 12° C using a heat sink with air cooling. 

However, the system’s electrical efficiency in air cooling does not always increase with 

increasing the air’s mass flow rate. Still, there is an optimum mass flow rate value.  

 

Water spray cooling considerably affects the PV cell’s performance; the system's 

performance enhances remarkably even for the water spray’s low flow rate. In addition, water 

cooling significantly reduces the PV cell’s operating temperature and improves the PV panel’s 

electrical performance. A cooling system with fins reduces the PV panel’s temperature and 

enhances its electrical efficiency.  
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Chapter 3: Correlation of soiling, optical losses on PV 
performance and Dust effects on PV Plants. 

 
This chapter summarises the significant deteriorating dust effects on PV plants in the Middle 

East; Kuwait reports the most widely accepted cleaning of the most employed components 

and materials. Moreover, it reviews the state-of-the-art cleaning systems used to maintain 

photovoltaic systems to achieve optimum performance. Particular attention is committed to the 

latest cleaning developments, enhanced output power, lower costs and material usage. A 

system containing three 5cm x 5cm low iron glass coupons were exposed in Kuwait City for 

three months (February to April) during the spring at three angles (Horizontal, Tilt-45, 

Vertical) to study the effect of soiling on PV performance through optical losses. 

 

3.1 Introduction. 
 

In the recently completed COP26 in Glasgow, about 200 nations agreed to accelerate actions 

of reducing CO2 emissions and meet up 2025 target in 2022. Kuwait is rapidly deploying 

resources to increase clean energy contribution to the electricity supply. To achieve the target 

through multi-billion pounds investment in solar energy technology to develop a 5GW asset. 

However, the technology is facing a severe challenge (PV soiling) that has devastatingly 

influenced its performance. A 10 MW pilot project comprising 5 MW polycrystalline and 5 MW 

is facing serious soiling challenges. 

 

PV soiling reduces the yield of the technology depending on several factors such as site, 

particulate matter, climatic conditions, and angular positioning. The country experience 

extreme dust activities with varying levels of aerosol deposition and entrainments from a storm, 

haze, rising, and suspended dust leading to about 26 severe dust storms in 137 days/year, 

which drop visibility about 150 m and sometimes to as low as 1.8 m. PV soiling is forecasted 

to cause 4-7 billion euros revenue losses by 2023. 

 

Several studies have already been conducted on the performance of the popular solar 

installation in Kuwait (Al-Shegaya); mere attention has been given to the impact of soiling on 

the asset. However, considering the above highlights, a huge investment such as Al-Shegaya 

in Kuwait requires continuous research and monitoring to sustain its performance. Therefore, 
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this study investigated the effect of soiling on PV performance through optical losses and 

relates it to the asset’s economic failures. 

 

Moreover, module cleaning is a simple but essential task. It can produce significant and 

immediate benefits in terms of energy yield. The soiling effect refers to particulate 

contaminations of the optical surface. It has been identified to have a considerable deterioration 

impact on the energy yield. Due to the incident light's high absorption and scattering losses, 

these power losses vary according to world location. As the dust accumulation differs caused 

by dust accumulation on solar collector surfaces [1].   

 

Dust usually applies to microscopic sold particles with a diameter of less than 500 u.m; it occurs 

in the atmosphere from various sources. Dust is a thin layer covering the PV module’s surface. 

The typical dust particles are less than 10 µm in diameter, depending on the location and the 

local environment. Many sources produce dust from pollution by wind, volcanic eruptions, and 

vehicular movements, among many others. The accumulated dust over time intensifies the 

soiling effect. The volume of accumulated dust on the surface of the PV module affects the 

overall energy produced from the PV module on a daily, monthly, seasonal and annual basis 

[2]. Nathar, Gupta and Said stated that the performance might decrease by up to 20% every 

month by layer upon layer of dust on uncleaned cell surfaces [3,4]. Experiments by Goossens 

and Van Kerschaever indicated that high wind speeds promote dust accumulation on surfaces 

[5]. 
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Figure 3. 1: Factors were producing dust accumulating on the surface of PV 
modules[a]. 

 

Zaki Ahmad et al. in 2014, researched the effects of contaminants related to physiognomies of 

dust on solar arrays [6]. In further research, fifteen types of dust physiognomies were 

acknowledged: ash, calcium carbonate, carbon limestone, cement, mud, red soil, silica, sand, 

sand clay, soil, and coarser mode airborne dust and harmattan dust. Six physiognomies, ash, 

calcium, limestone, soil, sand, and silica, significantly affected PV. They also found that the 

material’s impact on PV characteristics was restricted as most studies considered artificial dust 

rather than natural dust accumulation. The findings used different physiognomies and other PV 

technologies further investigated in future studies.  

 

Investigation of many studies; interestingly, the impact of the dust on performance is attributed 

to the immense solar potential averaging 6KWh/m²/day; however, there are many different 

variations. Each study has its unique parameters, testing equipment, and relevant standards; 

therefore, it is impractical and difficult to compare these studies’ results [7]. What can be 

accepted if there are losses, and how do we reflect the correct parameters?   

 

 

 
3.2 Middle Eastern critical dust studies. 
 

Most of the research on the effect of dust on solar power has taken place in the Middle East, 

encouraging solar potential to incorporate an arid desert environment [8]. In regions where 

rainfall is restricted and the dry season lasts several months, soil accumulation on solar 

panels can significantly impact PV’s performance. Sanaz Ghazi et al. investigated the 

pattern of dust distributed in different parts of the world. And found that the Middle East and 

North Africa have the worst dust accumulation zones in the world; Sarver et al., [9,10].  

Studies introduced critical contributions to understanding these problems' performance 

effects and mitigation. These contributions spanned a technical history of almost seven 

decades of previous studies. That reported losses due to dust in many places, including 

dusty regions such as Saudi Arabia and Kuwait. For example, Salim et al. showed a 

reduction of power efficiency between 26% and 40% over six months in thermal collectors 

and PV panels [11]. In Kuwait, it was observed that over six days of duration, a  17 % power 

reduction was identified. Interestingly, the study also indicated that the dust influence 

increased in spring and summer by 20%. 
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3.2.2 Dust deposit. 
The dust settlement on solar cells is explained as two primary factors influencing the dust 

and the local environment. The local environment consists of site-specific factors influenced 

by human activities, built environment characteristics, surface finishes orientation and height 

of installation environmental features, vegetation types and weather conditions. the property 

of dust type and chemical, biological and electrostatic properties size shape. Weight is as 

essential as accumulation/aggression. The finish of a solar cell surface is a rough surface 

that is likely to produce more significant dust accumulation. It is also well known that dust 

promotes dust, accounting for the effects it promotes dust deposition or settlement on the 

solar cell surface and the consequences of gravity [12-14]. 

A structure to understand the various factors that govern the assimilation of dust is illustrated 

in Figure 3.2. it is all too easy to differentiate the phenomenon of dust. However, it is 

extraordinarily complex and challenging to comprehend, considering all the factors that 

influence dust settlement practically. 

 

 

Figure 3. 2: Factors influencing dust depositions on the surface of PV panels [2]. 

3.2.2.1 Inclination angle. 
The PV modules' tilt angle (β) strongly influences dust deposition [15-17]. For collectors 

installed at a fixed angle, with no solar tracking system, accumulation decreases when the 

inclination angle increases from horizontal (0°) position to vertical (90°) 

The projected solar collector's surface area decreases with the angle of inclination β from 0° 

to 90°. When the unit PV is installed vertically, particle diffusion’s primary sedimentation 

mechanism for contamination. Since the rate of gravitational pollution is proportional to 𝑑  
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where d; the equivalent diameter of the particle, one can see that the larger the particle size, 

the greater the velocity of precipitation. Thus, with fewer fine particles, most of the particles 

deposited on a horizontal surface will be necessary. In contrast, diffusion, including perturbed 

diffusion, is inversely proportional to d; Hence the dust deposited on a vertical surface will 

often be fine particles. 

The angle of inclination of the fixed plate to set at  𝛽 = (𝐿 ± 10)where L is the latitude of the 

location of the solar power plant, the surface area of the collector projected up would be  Α

 𝑐𝑜𝑠  Β, where Α is the area of the solar collector. Both mass concentration densities are in 

(𝑔/𝑚 ) Furthermore, the particle size distribution of sediment particles will depend on the 

angle 𝛽. Both gravitational stability and diffusion are considered primary sedimentation 

mechanisms under clean conditions. 

The effect of airborne dust, containing the wind velocity component perpendicular to the 

surface of the collector, results in the aggregation of large particles. In these cases, there will 

be additional dust deposition if the particles are charged, caused by particle collision with the 

assistance of electrostatic adhesion forces.   

  

In arid regions, most dust particles gain much electrostatic charge as they erode. Wind also 

removes the deposited dust. The dust removal rate at relatively high wind speed will be more 

effective at a greater inclination angle. The removal of deposited dust also depends on the 

particle diameter d and dust layer structure. 

 

A thin layer of dust accumulated on a horizontal surface that is not easily removed by wind, 

even at a relatively high speed (50𝑚/𝑠) Ineffective for particles with 𝑑 < 50𝜇𝑚 when the free 

vapour velocity is less than (50𝑚/𝑠) The main reason for the inefficiency of low wind removal 

is that the force of adhesion of the particles to the surface is proportional to d, while the force 

of removal is proportional to 𝑑  in wind force cases, therefore. When d is minor, the adhesion 

force is greater than the removal force [18]. 

 

Due to the forces of gravity, some larger particles can roll off the surface of the plate or move 

to the lower parts as the angle of inclination increases. Cleaning panels with rain and wind 

also depends on the angle and direction of the roofs concerning the wind direction. As the 

accumulation of large particles decreases with increasing the inclination angle, the relative 

concentration of fine particles on the inclined surfaces increases. In a study conducted in 

Minya, Egypt (Hegazy, 2001). It was observed that the surface densities of the collected 

particles of small diameters (< one μm) were higher on the panels with higher angles, while 
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the coarse dust particles (average diameter three μm) were deposited at Higher proportions 

on lower slabs [19]. 

3.2.2.2 Pmax. 
The changes observed in temperature, humidity and solar radiation vary either parameters: 

short circuit current (Isc) or open-circuit voltage (Voc) or Fill Factor (FF). In turn, this 

decreases the maximum power point from STC characterisation. 

The PV cell parameters: open-circuit voltage (Voc), short circuit current (Isc), and fill factor 

(FF). Vary almost linearly with the temperature variation explained by the decrease in the 

bandgap [20]. However, the reduction in the power of PV cells is primarily caused by the 

reduction in Voc and FF with increasing temperature [21]. 

 

Similarly, a high humid environment also harms PV cells' performance. The experimental 

results show that the short circuit current (Isc) decreases significantly with high relative 

humidity; the current leakage explains mee due to increased moisture content [22]. 

 
3.2.2.3 Tracking effects.  
Most  PV large units; are commonly installed with a fixed tilt angle. Photovoltaic systems with 

solar-powered trackers produce maximum output power and reduce dust build-up. Tracking 

can also provide plate orientation that can be used for comfortable cleaning and to hide 

panels at night and during dust storms. Promising results and achievements regarding dust 

accumulation, the variable tilt/azimuth angle in solar systems with tracking capabilities make 

the cleaning role of gravitational forces or natural cleaning agents more appropriate in 

removing sediment particles from the surfaces of collectors. At a pilot site in Hermosillo, 

Sonora, Mexico Cabanillas and Munguia 2011 [23]. 

 

The loss of relatively low dust accumulation after 20 days of exposure was due to the solar 

tracking system compared to the fixed-tilt angled methods. In another study,  

Salim et al.,1988[11] four identical PV systems were exposed to the outdoor environment for 

one year near Riyadh, Saudi Arabia. The test results showed that the power gain from the 

uniaxial solar tracking system ranges between 16% and 21%, with an average of roughly 

18% per month, compared to the array with a constant inclination angle of 24.6 ° (site 

latitude). 

Moreover, the performance of the dual-axis tracking system showed an approximate 2% 

increase in power output compared to the single-axis tracking system. These differences are 

attributed to the reduced dust accumulation and increased absorption of sunlight in solar 

tracking systems for fixed units. However, tracking systems may show a slightly lower energy 
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conversion efficiency due to the higher temperature of the solar cell and its exposure to a DNI 

elevation because it continuously tracks the sun.   

Theoretically, the solar irradiance that strikes the PV cells is the input power. In contrast, the 

output power can be defined as the multiplication of its developed current and induced voltage 

per the cell’s impedance at a particular instant. The ability to convert input solar energy into 

electrical energy is known as the conversion efficiency of that specific solar cell. Solar cells 

are characterised. As monocrystalline, polycrystalline, thin-film amorphous, perovskite, 

organic or plastic based on a different semiconductor substrate, doping material, and 

manufacturing processes solar cells. The conversion efficiency varies accordingly [24]. As 

per a study, the efficiency of a cell can be increased significantly by doping some organic 

polymers as luminous-down-shifting (LDS) materials [25]. Recognising that the application of 

LDS technology reveals. There can be an increase of 10-20% efficiency in Cd-Te devices 

having layers of Cadmium sulfide (CdS) buffer layer. 

In contrast, the most commonly used silicon wafer-based technologies are benefited up to 

0.5 -3% [26]. Table 3.1 shows various kinds of PV technologies with their respective 

efficiencies. Mono and polycrystalline technology have more than 40% market share among 

all technologies listed due to material availability and economic constraints [27]. With recent 

advancements in thin-film technology. Now commercialization of solar cells has higher 

efficiency be with the pricing in the same range that would have cost for conventional wafer-

based technology [28].  

 

Table 3.1. Different technologies are incorporating performance efficiencies [6]. 
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3.3 Environmental conditions and PV performance. 
 

A PV module is based on the Standard Testing conditions Case (STC). It is considered a 

reference point from which performance deviates concerning the environmental impacts it is 

exposed [29]. The atmospheric condition and the radiation profile vary from place to place, 

and the performance of a solar PV plant in a particular location is solely dependent on such 

environmental constraints. The temperature, humidity and solar radiation changes vary on 

either parameter. Short circuit current (Isc) or open-circuit voltage (Voc) or Fill Factor (FF), 

which in turn happen to decrease the maximum power point from STC characterisation. Solar 

radiation is the source of energy harvest action composed of energy-carrying photons, 

releasing electrons from PV cells through the photoelectric effect. The intensity of the solar 

radiation entering the PV cell determines the output current so as the output power. 

The solar energy input to the PV cell is measured in Watts per meter square area, often 

termed Solar Irradiation. Solar irradiation varies from place to place, mainly for a particular 

location. It changes with the time of day; with the increase in solar irradiance, both short circuit 

current and open-circuit voltage parameters increase to maximum power point [30]. However, 

the change in short circuit current was discovered to be more prominent than that in open-

circuit voltage [31, 32].  

 

Despite the specific air mass of any particular place, the resultant solar irradiation also varies 

with the number of atmospheric particles: dust and water vapour content present [33]. 

Besides this, the orientation and tilt angle of the solar module also affects the amount of 

incident light. Intensity falls upon it to face the module at an optimal angle defined by the 

latitude of the site minus ten degrees [34]. Even though the optimum tilt angle might vary 

seasonally or monthly according to the location, a two-axis tracking system's feasibility must 

be achieved before implementation [35]. Subsequently, the temperature of the solar PV cell 

is one of the performance determining parameters. The ambient temperature to which the PV 

modules are exposed. It does not directly impact the performance metrics of the PV cell; 

instead, the rise in the cell operating temperature concerning laws of thermodynamics 

explains it. The PV cell parameters: open-circuit voltage (Voc), short circuit current (Isc), and 

fill factor (FF). Vary almost linearly with the temperature variation explained by the decrease 

in the bandgap [20]. However, the reduction in the power of PV cells is primarily caused by 

the decrease in Voc and FF with increasing temperature. 

 

Similarly, a high humid environment also harms PV cells' performance. The experimental 

results show that the short circuit current (Isc) decreases significantly with high relative 
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humidity; the current leakage explains mee due to increased moisture content. Additionally, 

water vapour contents in high humidity cause the scattering of solar radiation. Consequently, 

the module’s performance reduces with the reduced short circuit current [36]. According to 

the experimental observation made in Karachi, Pakistan (305K), with an increase of humidity 

by 25%, the output power seems to be reduced by 29.92% [37]. Likewise, a case study of 

Sohar City-Oman showed a significant reduction of 44% in the output current when RH 

increased from 67% to 95% [38]. Although places with high wind velocity seem to provide a 

better PV energy harvest action environment, They reduce relative humidity and lower cell 

temperature.  

 

The above-discussed parameters: solar radiation, ambient temperature, and relative 

humidity, do also exhibit variations during different seasons of the year as well as due to 

weather perturbations like precipitation, change in wind patterns and cloudiness. Spectral 

gain/loss of PV cell technology (a-Si and CdTe) with stronger sensitivity at a shorter 

wavelength is seen with several per cent of seasonal variation [39]. In a study by Sohar-

Oman, the increment of solar intensity by 101.6% was seen in the summer compared to the 

winter [40]. Adversely panel temperature was reduced by 97.6% due to a decrease in ambient 

temperature during the winter. Similarly, in a study of seasonal effect in a si-PV technology, 

the change of about -3% in temperature effect, 16% in spectral effect and 2.5% in irradiance 

effect were seen in summer compared to the winter season [41]. 

 

3.4 Cleaning Systems. 
 
To improve the solar panels PV’s overall efficiency, they require frequent cleaning, which is 

costly and time-consuming in terms of energy. Therefore, new and innovative cleaning 

methods that do not take time and do not consume much energy require investigation. Figure 

3.3 illustrates several solar PV cleaning strategies: automatic, natural and self-cleaning self-

remediation. These include electrostatic and mechanical self-cleaning and plating methods; 

these methods apply mechanical vibration, air blowing, water blowing and ultrasound 

techniques. In addition, the coating methods use a hydrophobic substance covering the 

panel’s glass, which carries the dust away from the solar panels [42,43]. 
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Figure 3. 3: Different cleaning strategies for removing dust from solar PV panels [2]. 

3.4.1 Cleaning agents 
Solar panel performance also differs from other site-specific influences. Such as temperature, 

humidity, dust density, air mass and panel orientation: these parameters might vary 

drastically in different seasons. Despite these factors, various forms of precipitation, clouding, 

and wind also affect the yearly energy production from solar panels. Soiling is a significant 

influence that directly blocks solar panels and reduces energy conversion efficiency.  

 

Dust accumulation most often leads to temperature rise resulting in reduced efficiency. 

Various studies have concluded that soiling harms solar cell output performance, explained 

mainly by the reduced solar intensity and the rise in cell temperature [44-49]. 

The effect of performance degradation, in turn, affects the economics of larger PV plants 

more prominently, thereby increasing the levelised Cost of Energy (LCoE). Different dust 

prevention and cleaning technologies have been evolving ever since PV plants have come 

into their use. Robotic cleaners, electrostatic removal, self-cleaning layer, and automated 

water cleaning are the current technologies. Selecting an appropriate cleaning mechanism is 

crucial for the specific plant size and location. Besides the cleaning mechanism, the essence 

of the optimal time for cleaning is a concern that needs to be dealt with since visual inspection 

for cleaning decisions shall not be appropriate in terms of energy economics. With data 

science and machine learning advancements, their application for cleaning operation 

decisions can be a significant leap in advancing solar PV energy systems. Such an optimised 

cleaning decision would undoubtedly help to reduce the LCoE. 
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3.4.2 Automated cleaning systems. 
 3.4.2.1 Current Technologies and Practices of Solar Panel Cleaning. 
Megaprojects of energy generation from the Solar PV panel constructed in semi-arid or desert 

receives plenty of solar radiation throughout the year. Nevertheless, with higher possibility 

comes a more significant challenge. In these deserted places with a higher concentration of 

atmospheric dust with seldom rain, soil on the panel’s surface is inevitable. Cleaning these 

panels is a must for maximum energy harvesting from solar cells. Different manual and 

automated technologies are available to clean the solar panel. Cleaning expenses in a solar 

plant account for almost half of the O&M cost. 

 

 3.4.2.2 Current Technologies. 
Rainwater has been a medium for a long time to clean solar panels. Harness of energy from 

sunlight is more from a clean panelwhich generates more electricity. With advancements in 

material science and robotics, manual cleaning of solar panels is replaced with new 

technology like EDS, Robots, and cleaning kits to effectively clean a panel. Some of the 

practices and technologies are discussed in the sub-sub sections below. 

 

3.4.3 Surface coating   
 3.4.3.1 Surface coatings on glass. 

Developing renewable energy surface coatings technologies is essential in the current global 

scenario that presents environmental problems and problems incurred. Photovoltaic 

technologies (PV) stand out because they are renewable, safe, and environmentally friendly 

energy sources [50]. Increasing PV energy production, technological efforts are directed 

toward developing high-performance and reliable PV solar cells and mitigating external 

factors that can reduce the conversion efficiency of PV units. One of these factors is the effect 

of pollution resulting from dust accumulation on the surface of the unit, which reduces the 

transparency of the cover glass PV over time and thus reduces the photovoltaic output of the 

unit [51].  

Dust is deposited on the glass surface as a thin layer of particles with a diameter of fewer 

than ten μm; its accumulation depends mainly on the environment's location and condition 

[51]. Dirt deposition on PV units has been extensively studied in the literature [52-54]. 

However, most of the contributions analysed the effect of dust accumulation in reducing the 

efficiency of PV modules or transporting glass units. At the same time, a smaller number 

evaluated alternatives to anti-pollution coatings by testing them in different environmental 

conditions outdoors [55-56]. 
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  3.4.3.2 Sol-gel method  
The sol-gel method has been a relatively advanced TiO2 thin film preparation technology. Its 

method is titanium alkoxide (tetrabutyl titanate, isopropyl titanate) as raw material. The 

hydrolysis and polycondensation reaction in an organic solvent by sol, and then sol evenly 

coated method (pulling method, spin coating and spraying. The gel film formed on the base 

plate, and then after drying, heat treatment can form TiO2 thin film. It has the advantage of 

low synthesis temperature. Easy control of reaction conditions, high purity, substantial 

uniformity, and the preparation process is simple, without special and expensive instruments. 

Convenient for multiple coating, it can effectively control the film thickness. However, the sol-

gel method has the disadvantage of high cost, the cost of titanate precursors is expensive, 

and many organic solvents are needed.  

 

Many reports about the sol-gel coating on different carriers at home and abroad in recent 

years, the preparation of TiO2 thin films with unique surface chemical composition by the sol-

gel method by doping other ions or compounds [19.20] has become one of the research 

hotspots because of the advantages of the sol-gel process, such as substantial similarity, 

easy doping and modification. And the sol-gel method can, by adding different particles such 

as template agent, surfactant, preset and conveniently control the surface of the thin-film 

structure. For example, by adding polystyrene (PS), polyethene glycol (PEG), polypropylene 

glycol (PPG), polyoxyethylene (PEO), polymethyl methacrylate (PMMA), hexadecyl trimethyl 

ammonium bromide (CTAB) and sodium dodecylbenzene sulfonate (DBS). In addition, the 

preparation of porous or high surface roughness of TiO2 thin film is beneficial to improving 

the thin film super hydrophilicity [57]. 

Preferentially in its anatase polymorphic form, titanium oxide exhibits a photo-induced super-

hydrophilicity, i.e. a surface showing a water contact angle close to 0° after UV exposure [58]. 

 

The development of the following gel substances; TiO2/SiO2 super hydrophilic sol-gel films 

(ST1 and ST2), TiO2 super hydrophilic e-beam evaporation film (T) and functionalized-SiO2 

hydrophobic sol-gel films (SM). TiO2/SiO2 films showed a persistent super hydrophilic 

character with water contact angles close to 0°, while functionalized-SiO2 presented 

hydrophobic properties [59]. These anti-soiling coatings composed of superhydrophobic 

/hydrophobic thin films have been successfully synthesised, characterised and tested in 

different locations. 
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3.4.4 Mineral coatings. 
In the Megaptojects of solar panels PV, it is more expensive to use hydrophobic coatings PV 

to clean panels because this method consumes no energy for cleaning nor causes scratches 

on PV surfaces, thus conserving panels’ energy production [60]. Using self-cleaning 

hydrophobic nanomaterials to encapsulate the surface of solar panels PV is an effective way 

to increase the overall efficiency of the panels over a long lifespan, as shown in Figure 3.4. 

 

 

Figure 3. 4: Self-cleaning hydrophobic coatings; (A) A solar panel coated with a PV 
nanomaterial; and (B) Water rolls off the surface like a ball rolling down a slide 

[61],[62]. 

 

The main working principle of using hydrophobic coating nanomaterials is that the layer 

forms a barrier so that water accumulates in a spherical shape. As a result, water rolls off 

the panel surface when solar panels are installed at a tilted angle, a sphere rolling down, as 

depicted in Figure 3.4 [61,62].  

 

3.4.5 Future proposed cleaning methods 
 3.4.5.1 Piezoelectric system. 
Piezoelectric actuators are utilised in various optical adjustments, biomedical manipulation, 

space explorations and other areas; due to higher torque to volume ratio, flexible structure, 

and high positioning precision, the piezoelectric system is employed in the cleaning of solar 

panels. The acoustic piezoelectric system with water as a cleaning agent spreads 0.1 to 1 

mm depth of water around the surface of the solar panel cleans during the rarefaction cycle 

of the compression waves. A vacuum created in liquid during the rarefaction is called an 

ultrasonic cavity. This cavity cleans the panel by sucking the dust on the solar panel surface. 
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For the air medium, the mechanism is similar to the change in the cleaning medium only. 

Linear Piezoelectric actuator-based solar PV panel cleaning system. As a proper pressure 

force between the wiper and solar panel is adjusted. The actuator can drive the wiper to 

effectively clean and wipe a dust layer by vibrating the dust away from the solar panel’s 

surface [63, 64]. Figure 3.5 shows a linear piezoelectric system. 

 

 

Figure 3. 5: linear piezoelectric system [63]. 

 

3.4.6 Electric curtain system. 
Places with dry dust are addressed with a phenomenon explained by applying an appropriate 

electric field to the dust particles on the module surface. This phenomenon of charging dust 

particles is an electrostatic concept. Where charged dust particles are bound to form a 

standing wave-type electric curtain at any point. An electric field with amplitude and direction 

oscillating at the imposed frequency exists. Furthermore, the frequency of oscillation is fixed,  

that the dust particle moves along the line of an electric field to one of the modules’ edges, 

thereby cleaning the surface. Uncharged particles that fail to form the electric curtain are soon 

charged through either polarization or electrostatic induction and removed from the module 

[65].  

An ElectroDynamic Screen (EDS) is one of a kind that uses the same principle of standing 

wave-type electric current. However, a high voltage three-phase electric source is used to 

form a travelling wave with intense translational energy [66]. The application of different 

phases to the substrates of a module and respective lines of force is shown in Figure 3.6. 
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Figure 3. 6: Electrodynamic screen [64]. 

 

This kind of cleaning mechanism requires a dry module surface. To avoid any vapour-based 

bonding of dust particles with the module: recommended to use such systems where humidity 

is meagre and almost negligible precipitation. A study on concentrated solar power plants 

reported that its applicability is limited to locations with less than 60% relative humidity. Such 

a system is expected to have 90% efficiency in regaining the reflectance lost due to soiling 

[67]. The dry condition of MARS is suitable for applying this technology [68]. 

3.4.7 Self-cleaning mechanism. 
A translucent self-cleaning nano-film can be coated to the surface of a solar panel to avoid 

dust deposition in the panel. The self-cleaning nano-film is made from super hydrophilicity or 

superhydrophobic material. In the super-hydrophilicity method, the rainwater gets scattered 

throughout the solar module and cleans the dust. Thus, this method is not popular, and 

various research is going on. In superhydrophobic material, the water droplets quickly fall off, 

carrying dust particles like in the leaf of a lotus plant. Multiple studies are going on to realise 

superhydrophobic surfaces by forming microstructures or nanostructures. However, using 

these materials on the solar panel surface would be questionable as solar farms are 

situated where seldom rains are present. Thus, these materials need to be studied in 

depth [69,70]. 

 

3.4.8 Robotic system. 
The robotic system is the most challenging technology, more than all other technologies 

discussed above since it has a wide range of applicability in small and large PV systems. The 

robotic system consists of actuators, drives, gears having some movement above the module 

surfaces, and a virtual operator that cleans the module even better than manual hand 

cleaning. With advancements in 3D printing, nanotechnology is aiding in making very 

complex robots which can operate as efficiently as a human would do the work. The recent 

development in automation makes the cleaning job even more manageable and 

straightforward, reducing the complexity between the robot and the operator. Integration of 



 

109 
 

automation in the robotic system has allowed a robot to self-decide and act when needed 

lowering the human-machine interfacing time and humanitarian aid for the entire cleaning 

operation. Robotic cleaners can see microcontrollers and programmable logic controllers to 

ease the solar panel cleaning process [71, 72]. The fuzzy logic controlled algorithm discussed 

deals with the fuzzification of the solar irradiance value and the output current value such that 

defuzzification would result in decision-making to clean or not [73,74]. The rising Internet of 

Things (IoT) in the technological field can substantially turn in the solar panel cleaning 

process. Distant monitoring of the PV system is achieved by employing required sensors to 

feed the real-time data to the operator through the cloud.  

Such an IoT-enabled system reduces inspection costs, and cleaner teams can go with their 

robots only at the time of need. With the application of IoT, a reduction in site visits will be 

possible. Human intervention in the cleaning process shall only be limited to complete 

supervision, achieved by employing decision-making automation with pre-installed robots 

mounted over the solar array/s.  

 

This idea was demonstrated in prototyping a system named after Smart Solar Photovoltaic 

Panel Cleaning System, as depicted in Figure 3.3 [75]. This system consists of two central 

units: Robotic and Autonomous units, functioning cleaning and decision-making. The 

autonomous team took solar radiation as an input parameter and generated power as an 

output parameter and compared it with the calibrated model to decide whether to perform a 

cleaning action. Consequently, robotic units act as the slave unit and perform the cleaning as 

commanded by the autonomous team. A person supervises the whole system. Only the 

cleaning system and the supervisor access internet connectivity in any world location. 

A practical experiment to study dust effects and optical losses have been examined in this 

work. 

 

3.5 Methodology. 
3.5.1 Experiment.  
Three 5cm x 5cm low iron glass coupons were exposed. In Kuwait city with proximity to 

Shegaya solar farm (29°12'19", 047°03'06") for three months (February to April) during the 

spring, which is considered to be the period with the most significant dust storm activity in the 

region [76-80]. The coupons were positioned at three angles (Horizontal, Tilt-45, and Vertical) 

and after the expiration of the exposure period. Coupons were returned to the solar laboratory 

at the University Exeter in the United Kingdom for characterisation to obtain optical losses 

information and deposited material. The optical losses data were collected to analyse the PV 

soiling of the Al-Shegaya solar farm installation.  
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3.6 Spectral Characterisation. 
 
The exposed coupons were examined using a spectrophotometer (Perkin Elmer Lambda 1050 

UV/VIS/NIR). An unexposed clean coupon was used as a benchmark. To measure 

transmittance change (Δτ) from 250nm to 1250 nm, the spectral wavelength to which all 

installed PV systems in Al Shegaya solar farm respond. The relative transmittance change in 

percentage was calculated using Eq. 3.1, where the 𝜏  is transmittance data of coupon relative 

to its angular positioning and 𝜏  Represents the baseline coupon, which is clean and 

was not exposed. 

    

 

 

 

The optical losses based on the optimum angle were calculated using the linear interpolation 

technique provided in Eq. 3.2, where ∆
( )

 is the calculated change of transmittance of a 

coupon at an optimum angle, 𝛽( ) is the optimum tilt angle of Al Shegaya based on GSA, 𝛽( ) 

is the angular position of 45 that a coupon was exposed, 𝛽( ) is the horizontal angle at which 

a coupon is positioned,  ∆
( )

 is the optical loss for horizontally positioned coupons, and ∆
( )

 Is 

the optical loss recorded on the coupon positioned 45 angle [81]. 

 

∆
( )

=
(𝛽( ) − 𝛽( )) (∆

( )
− ∆

( )
)

(𝛽( ) − 𝛽( ))
      

+  ∆
( )

 

         

(3.2) 

3.7 Particles characterization. 
 
The morphological characterisation was conducted using the electronic scanning microscope 

(SEM Quantal FEG 650). Before scanning, a soiled coupon was carbon coated with an Emi-

Tech K950 machine. Two images (backscattered electron and secondary electrons) were 

obtained, and the latter was used for morphological analysis. The element study of 

accumulated particles was conducted with an Energy Dispersive X-ray (EDX) attached to the 

SEM. Backscattered images from the SEM were adopted to determine the accrued elements 

of the coupons.  

 

𝐑𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝚫𝝉𝒙(%)

=  
(𝝉𝑼𝒏𝒆𝒙𝒑𝒐𝒔𝒆𝒅 − 𝝉𝒙)

𝝉𝑼𝒏𝒆𝒙𝒑𝒐𝒔𝒆𝒅

(𝟏𝟎𝟎) 

                        

(3.1) 
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X-ray powder diffraction (XRD - Siemens D5000 diffractometer) was employed for mineralogy 

characterisation. Due to the number of samples, smear sample preparation was conducted to 

transfer the particles from the coupon to the diffractometer grey plastic holder. The 

transparency of minerals recorded was further determined using online databases such as 

mindat.com and minerals.net. 

 

3.8 PV yield.  
 
Power losses using exposed coupons were calculated using two approaches. The first uses 

an experimental approach where coupons were placed on top of a high-efficiency solar cell 

under a solar simulator (Wacom WXS 2105-20 AM1.5G) to measure yield  and estimate 

reductions by calculating the percentage difference between the soiled exposed coupon and a 

clean unexposed one using Eq. 3.3, where PV  is the soiling losses based on the coupon 

placed on top of the cell, 𝑃𝑉  is the yield of the cell without any coupon on top, and 𝑃𝑉  

is the cell yield with soiled coupon relative to the type of coupon.  

 

𝐏𝐕𝑺𝑳 (%) =  
|(𝑷𝑽𝑶𝒖𝒕 − 𝑷𝑽𝑶𝒖𝒕 𝑺𝑳|

𝑷𝑽𝑶𝒖𝒕  +  𝑷𝑽𝑶𝒖𝒕 𝑺𝑳

𝟐

× (𝟏𝟎𝟎) 

         

(3.3)   

A correlation was conducted using Optical losses data from this study, which was used as the 

soiling losses value and annual PV yield data of Al Shegaya solar energy park from Global 

solar atlas and PVSyst. Soiling losses were calculated using Eq. 3.3 and compared with the 

estimated losses presented by GSA.  

 

3.9 Economic analysis.   
 

The economic analysis of the losses was conducted to determine the simple payback time of 

the installation. And compared it with the assumed payback time estimated by both GSA and 

TSK. Considering the losses determined from this study. The simple payback time was 

calculated using Eq. 3.4, where the IC is the initial installation cost, AEP is the annual energy 

production, and 𝑥. is the price of energy displaced.  

       

𝑺𝑷 =
𝑰𝑪

𝑨𝑬𝑷 × 𝒙. 𝒌𝑾𝒉⁄
                 (3.4)  
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3.10 Results. 
The optical results provided the anticipated data pattern where the coupon exposed on the 

horizontal plane shows higher accumulation and reduces when tilted towards the vertical plane. 

The most extraordinary optical loss record is 52% when the coupon is exposed horizontally, as 

shown in Figure 3.7. The most negligible loss is recorded from the coupon on the vertical with 

about a 25% reduction. The calculated optical loss for the optimum tilt angle is 46.4% based 

on the annual optimum angle of 31 for the region.  

 

 

Figure 3. 7: Optical losses variation highlight losses relative to angular positioning. 

 

The size of particles and the space they occupied on the coupon represent the optical losses 

recorded. The accumulation appears to be having a significant amount of PM10 and PM2.5 

particles. Although the accumulation pattern was observed to be non-uniform, having larger 

particles in layers could reduce the photon influx. Refer to Figure 3.8 for an SEM imaging of 

accumulated dust. The majority of the particles have aggregated structures that could affect 

light transmittance.  

 

 

Figure 3. 8: SEM imaging illustration particles sizes, shapes and accumulation 
pattern. 

 

The backscattered image was further characterized using the EDX for elementology analysis. 

Finding shows elements belonging to varying groups with some metalloids (Si), transitional 

metals (Mo and Fe), alkaline metals (Na, K, and Al), alkaline earth metals (Mg and Ca), and 

halogens which are known as reactive non-metals (Cl and Br). Figure 3.9 shows the elements 

recorded from the EDX analysis. The discussion section of this report provides a detailed 

explanation of the various aspects. 
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Figure 3. 9: EDX graphs illustrating elements recorded on the exposed coupon. 

 

The recorded minerals, through XRD analysis, show particles having diaphaneity to be 

transparent to translucent (Actinolite, Calcite, Clinochlore, Dolomite, Gypsum, Lizardite and 

Muscovite), transparent to opaque (Quartz), and opaque (Kaolinite) properties. All these 

minerals could affect the transmittance at varying capacities, where some will complete 

attenuate an influx of photons. The diffractometer chart is provided in Figure 3.10. 

 

Yield losses determine using a simulator show a similar trend of losses considering the optical 

losses. The most significant PV power yield loss was recorded horizontally on the coupon with 

about 53% reduction, followed by 38%. In comparison, the lowest was 25% from the vertical 

plane. The PV performance reduction due to soiling was closely similar to optical losses. 

 

 

Figure 3. 10: Diffractometer illustrating peaks of minerals accumulated on the 
exposed coupon. 

 

Figure 3.11 illustrates the performance parameter where short circuit currents (ISC) are 

highlighted to demonstrate the impact of soiling losses on PV performance. The loss from the 

optimum tilt angle of the region was calculated, and findings show that about 43% soiling loss 

could occur when a coupon is positioned on the plane (31]. In addition, significant variation was 

observed in the short circuit current, which reduced the power out.  
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Figure 3. 11: IV Curves illustrating PV yield variation. 

 

Al Shegaya energy park PV yield losses correlated with optical losses to determine possible 

soiling losses. Employing 46% as the calculated soiling losses, a reduction from 17,760,000 to 

9,519,360 kWh/10MWp was estimated. This reduction is further translated into economic 

losses, where a simple payback time analysis was calculated. The findings show that it would 

take about 45 years before the installation will attain a return on investment. This simple 

payback calculation ignored operations and maintenance (OM), regaining performance due to 

other seasonal effects and factors that could reduce the impact of soiling. 

 

3.11 Discussion. 
 

The results exhibit comparable findings where the optical losses are in relatively good 

agreement with PV yield losses and could be related to an asset yield loss.  

Morphology, elementology and mineralogy studies highlight that PV yield losses drove optical 

losses through the attenuation, scattering, and reflection of influx photons. It was observed that 

most of the accumulated particles are of larger grain sizes, aggregated in conglomerate 

clusters, and non-uniform deposition. Some elements recorded are highly reactive and 

conductive metals, while others (halogens) are reflective. Most of the minerals recorded were 

around translucent, some opaque. These transparency levels could disrupt light transmittance, 

mainly when accumulated in aggregated patterns observed from the SEM imaging. Reduction 

of light transmittance means PV performance reduction. 

 

Optical losses and PV yield results highlighted alarming losses, which render the technology 

unprofitable. However, an installed PV system exposed under normal conditions will last 25 

years. The results show that simple payback using the GSA atlas soiling level could reach 24 

years and 45 years when adopting the optical data from this study. This indicates that the 

investment is not viable and would return the investment. However, the soiling losses are not 
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expected to remain at this level since seasonality tends to cause variation. In addition, the site 

was reported by AL-Rasheedi et al. to adopt mitigation techniques using a semi-automated 

system attached to a tractor. However, the cleaning is only conducted five times a year, which 

is assumed inadequate. Other methods were reported by Chanchangi et al. to have the 

capacity to mitigate these losses with different performance efficiency, and some are natural 

(rain and wind) [82]. However, cementation and calcification are extremely resistive simple 

detachment forces. Therefore, it is recommended to investigate the adhesion forces and the 

factors influencing them in the region. 

 

The results presented demonstrated the adequacy and efficacity of the comprehensive 

approach implemented considering the data limitation. However, the finding shows 

discrepancies from the expected asset performance. Even though several factors such as the 

effect of seasonality, climatic conditions, operational maintenance cost, and variation of 

accumulation concerning time were ignored. The full potential of this approach could be 

achieved if all the above-listed factors are considered; as such, this report must interpret these 

limitations.  

3.12 Conclusions. 
 
Module cleaning is a simple but essential task. It can produce significant and immediate 

benefits in terms of energy yield. The frequency of module cleaning will be determined by 

local site conditions and the time of year. The level of module soiling is site-specific; therefore, 

the interval between cleans will vary considerably between sites. The frequency of cleaning 

solar cell modules is governed by the site's location and the surrounding ground material. 

These sites can be dusty and arid sites resulting in increased soiling) Moreover, the local 

rainfall patterns in dry areas will result in more soiling [83]. 

 

This review discusses various parameters of the solar photovoltaic panel and different 

cleaning systems developed and used up to the present day. The critical points of the topics 

addressed are:  

 

1. The rise in cell temperature and soiling of the module are the two major issues of the PV 

systems.  

2. Active and passive cooling techniques can deal with places with extensive temperature 

rise. In contrast, soiling issues rectify using by cleaning the modules’ surfaces.  

3. Cleaning can be achieved by natural rainfall, manual hand cleaning, water jet/sprinklers, 

and robots.  



 

116 
 

4. Standing wave-type electric curtain system can be applied in areas with water-scarce, like 

solar panels on Mars.  

5. To obtain optimum cleaning instant for a particular case scenario, the use of machine 

learning application to develop a decision-making model with the help of parameters affecting 

the performance of PV plant: solar irradiance, output power, temperature, humidity, air mass, 

dust density, seasonal and weather patterns. The complexity and accuracy of the system are 

defined mainly by power plant size, vulnerability to soiling, seasonal patterns and weather 

perturbations.  

6. For distant solar farms with no rainfall and prone to frequent sand/dust deposition, the 

Internet of things (IoT) based cleaning system with a pre-installed robot in the solar array 

shall avoid the multiple site visit costs [84].  

 

Therefore, for large solar farms, solar panel cleaning shall only be carried out if the reduced 

efficiency is below the critical level. The investor must ensure that the investment made for 

the cleaning purpose has a modest rate of return. Further research and development on a 

decision-making model considering cost worth evaluation are essential for the evolving solar 

panel cleaning technology. 

Moreover, a practical approach to dust effect and optical transmittance losses at varying 

angular positions in Kuwait was investigated and further employed to determine PV yield 

performance reduction. Findings show alarming declines where about 52% transmittance 

losses were recorded on a horizontally exposed coupon. The laboratory PV performance 

experiment results highlighted a similar trend (53% power reduction for the same coupon). A 

simple economic analysis of the pilot project in the region shows that the asset requires 

considerable continuous maintenance to sustain its performance; otherwise, a return on 

investment would not be achieved. 
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Chapter 4: Relative humidity effects on PV Plants. 
 

4.1 Introduction. 
 
Let us talk about the energy we receive from the sun. The earth receives approximately 

1,413 W/m2, and actual consumption is around 1,050 W/m2 as recorded in 1972 by the 

Forest Service Pacific Northwest Forest and Range Experiment Station, USDA, Portland, 

Oregon. Of the 100% of the solar energy produced, approximately 30% is reflected or 

absorbed by clouds, oceans, and landmasses in cities where the humidity is more significant 

than other resources. For example, in areas such as Mumbai, Malaga, Hamburg and Los 

Angeles, the average humidity ranges from (40 to 78%), resulting in a small layer of water 

vapour in the front solar cell directly facing the sun. As a result, solar energy hitting the solar 

cell experiences energy absorption/reflection loss. There were approximate losses of about 

15-30% of energy plus a further 30% reflection. After the empirical analysis, one of the 

effects discovered was the humidity, which reduces solar energy approximately to 55-60% 

from just 70% of the energy used and 30% of energy loss. As per the statistical data, the 

top of the earth's atmosphere's sunlight intensity is about 30% denser than the earth. 

Therefore, in the solar panels we currently use,  70% of the energy is produced from the 

sun, and our solar panels achieve 30% to meet our energy requirements. 

 

The earth's crust consists mainly of water 70%. The energy that strikes the world indirectly 

hits the oceans, which helps increase humidity in general. Humidity, however, poses 

obstacles to the power received in the upper atmosphere and affects device consumption 

in many aspects.  

 

4.2 The effects of relative humidity.  
 
The humidity on solar panels creates obstacles. The humidity creates a drastic variation in 

generated power, indirectly making the device work less efficiently than it would have 

worked without it.  

In cities where the humidity level is above the average range of 30, the lower layer of water 

above the solar panel has lowered efficiency. According to the data: when the light 

consisting of energy/photon hits the water layer, which is denser, refraction appears, 

reducing the intensity of the light, which seems to be the root cause of the lower efficiency.  
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Solar cells react to the environments in which they are placed, including temperature and 

humidity. The thin-film technologies for photovoltaic applications include a-Si:H alloys, 

CdTe, Cu(In,Ga)Se2 (CIGS), poly-Si, µcSi/Poly-Si and dye/TiO2. The most advanced 

technologies are a-Si-alloys, CdTe and CIGS [1,2]. 

 

Cells of different materials respond differently to their operating conditions and 

environmental contexts. These differences can significantly impact the energy produced by 

other solar cells. Generally, materials with a higher bandgap are less sensitive to operating 

conditions. The bandgap of a semiconductor is the minimum energy required to excite an 

electron from a bound state into a free form where it can contribute to conduction. Compared 

to silicon, the reduced sensitivity of CdTe to elevated temperatures or the impact of humidity 

on the light available to the PV module (technically referred to as light extinction) provides 

CdTe thin-film modules with an advantage. Primarily when operating in hot and humid 

climates. The result is improved relative performance and higher comparable energy yield, 

defined as the total energy output from an installed solar module.  

Usually, the photovoltaic solar cells are fabricated with two-layer semiconductor material 

under non-irradiated conditions. The concept of generating electricity through photovoltaic 

cells derives from solar radiation or photonic effect toward the surface of the photovoltaic 

cells. Piazza et al. Explain that the negatively and positively charged semiconductor treated 

solar grade silicon cell excites electrons flowing inside the cells through the doping process 

[3]. The method of electron flow from the negative (phosphorus) junction to the positive 

(boron) junction creates the current-producing electron-hole pair, also known as the PV 

effect.  

Around the world, research on photovoltaic cells and processing technologies focuses on a 

new approach to reducing costs by reducing the number of processing steps with high 

consideration of overall performance and efficiency [4,5]. The light intensity factor correlates 

directly with the sun radiation as the primary energy source for the PV system.  

Koehl et al. highlight that the water element is a vital degradation factor for PV modules. 

Causing hydrolysis of polymeric components and corrosion of metallic and glass features 

like grids and interconnectors. Wherefrom this condition, the type approval testing of the 

Damp-Heat test and Frost-Thaw test under IEC standards to estimate the service life of a 

module. Moreover, humidity using moisture weakens the reliability of PV modules. This is 

primarily related to the packaging process and could reflect encapsulant delamination and 

warping of PV cells [6]. 
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Efficiency is the amount of light converted into a usable format of electricity. Since the 

efficiency depends on the value of the maximum power point of the solar cell, the maximum 

power point deviates due to the above effect of humidity, which indirectly reduces the 

efficiency of the solar cells [7]. 

 

4.2.1 Thermal losses.  
Humidity is a climatic condition that affects the performance of PV systems. Kazem and 

Chaichan studied the effects of humidity [8]. They concluded that relative humidity has the 

highest impact compared to the other ambient parameters. Such as temperature and dust, 

Kazem And Chaichan found the inverse relation between humidity and electrical 

parameters. In addition, increasing the humidity during the day will result in high moisture 

in the PV surface, introducing mud accumulation. The resulting mud structure is intense and 

complicated for high wind speed to remove, resulting in partial shading to the PV [9].  

                                                                                                 

4.3 Relative humidity effects on SiHi PV panel: Isc, Pmax, and Voc. 
 

For a-Si, the goal is to reach a stable module efficiency on large areas of 10%, representing 

a challenging condition for competitiveness with other thin-film options. A significant 

problem of the amorphous silicon technology has been the degradation of the amorphous 

films and devices under illumination, or the so-called Staebler-Wronski effect. 

The Staebler-Wronski effect is that sunlight creates light-induced metastable defects in a-

Si:H was discovered very soon after the first cells were made. This light-induced 

degradation is called the Staebler-Wronski effect. The Staebler-Wronski effect involves an 

optically induced decrease in photoconductivity, dark conductivity, and restoration to the 

original state by annealing above 150 °C [10].  

Most studies of the Staebler-Wronski effect concluded that optical exposure caused 

metastable states in the gap [11-14]. These metastable changes mainly increase neutral 

dangling bond defects' density and the dominant recombination centre. The added dangling 

bonds shift the dark Fermi level towards the midgap, which leads to a decrease in dark 

conductivity. It was also conclusively shown that recombining excess charge carriers, 

creates these metastable defects. In undoped hydrogenated amorphous silicon after these 

excess charge carriers have been generated either by illumination or by charge carrier 

injection. The formation of dangling bonds reduces the efficiency of the devices until the  
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rate of formation of the dangling bonds equals their heating rate, which increases with 

temperature. As a result, the stabilised efficiency is higher at higher device temperatures. 

 

Still, the humidity factor is inversely related. For example, Xiong, Z et al. and Mekhilef, S. et 

al. show that power output efficiency from PV modules degrades with increased moisture 

content [15,16]. Due to a high percentage of surrounding humidity ingress with a very high 

value of efficiency drop of 63 % for mono-Si PV modules which suffers from biased damp 

heat tests at 85 % relative humidity condition. 

 

4.4 Relative humidity effects on CdTe PV panel: Isc, Pmax, and Voc. 
 

CdTe appears to be an ideal material for thin-film solar cells because its energy gap is direct 

and is 1.45 eV, suitable for solar energy conversion. Approximately 10-16 % efficiencies 

have been obtained for CdTe solar cells depending on the process used. A significant issue 

in the CdTe cell technology is the formation of good ohmic contacts of high stability. 

Since 2010, this number has steadily increased ~15%. Since then, First Solar has 

contributed the most world records, including the most recent in 2019. Lab-based 

efficiencies demonstrate the potential of technology but are not representative of what can 

be achieved in a manufactured module. Scaling of cells to module areas induces additional 

loss mechanisms for all key metrics (current, voltage, and fill factor). The current world 

record efficiency for a CdTe module is 19.0% (Green et al., 2019) for a First Solar module 

with an area of 2.4 m2. Also, this number has steadily increased from about 10% in 2010, 

with First Solar being the only contributor since 2012. 

A comparison of efficiencies between CdTe and other technologies in Figure 4.1 and Table 

4.1 (Fraunhofer, 2019) is shown below. Table 4.1 was adapted for this thesis, using data 

from multiple sources (Green et al., 2019; Geist Hardt & Topic, 2015). Note that Figure 1 

only considers cells with an area above 1cm2. The highest efficiency value for a CdTe solar 

cell with this area is 21.0%. In contrast, the record efficiency for a smaller cell is 22.1% (both 

First Solar). All significant technologies contribute to utility and residential PV applications. 

These technologies are monocrystalline silicon, multi-crystalline silicon, CIGS and CdTe. 
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Figure 4. 1: Comparison of state-of-the-art research cell and module efficiencies for a 
variety of different PV technologies (Fraunhofer 2019). 

 

Looking at some critical solar cell characteristics reveals the future potential avenues for 

improving CdTe efficiency. Table 4.1 shows a fraction of the potential for two metrics, open-

circuit voltage (VOC) and fill factor (FF), for different technologies. CdTe solar cells have 

realised the least potential in FF and, more significantly, voltage. However, in Si and GaAs 

solar cells, more than 95% of the potential in FF has been achieved; CIGS discovered more 

than 91% of its potential and CdTe 88%. In VOC, CdTe has only conceded 77% of its 

potential, with GaAs going as high as 97% and Si and CIGS reaching 85%.  

 

However, considering past improvements, significant advances in CdTe efficiencies for both 

modules and solar cells are possible.   
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Table 4.1. Comparison of the potential for different solar cell metrics realised by 
other technologies (Geist Hardt & Topic, 2015). 

 

While efficiencies are the basis for general comparison, they are insufficient to capture the 

complete picture of how much energy a solar cell generates under outdoor conditions. This 

is because most of the operational lifetime of a PV system deviates from the standard 

testing conditions used to determine nameplate efficiency. For example, a significant 

difference between CdTe and Si and CIGS is the higher bandgap of 1.54 eV (compared to 

around 1.1 eV for the latter two).  

 

A higher bandgap has an overall energy yield advantage (see Figure 4.1). However, 

considering median values for the electricity generation potential of solar cells around the 

planet, there is a penalty on energy yield or harvesting efficiency. 
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Figure 4. 2: Bandgap comparison of different PV cells. 

Upper - comparison of standard testing condition efficiency ɳstc and harvesting efficiency 

ɳh for different solar cell technologies in the radiative border function of the bandgap). Lower 

- the difference between two efficiencies metrics is plotted, revealing a roughly linear 

relation between the efficiency penalty for outdoor operation and the bandgap of a solar 

cell. Consequently, standard testing condition efficiencies benefit cells with a smaller 

bandgap. In outdoor operations, performance losses for higher bandgap cells are smaller, 

resulting in a better performance ratio when compared to STC ratings (Peters & Buonessisi, 

2018). 

 

4.5 Relative humidity effects on CIGs PV panel: Isc, Pmax, and Voc. 
 
4.5.1 The impact of temperature.  
The impact of temperature on PV system performance is well documented (Nishioka et al., 

2003; Woyte et al., 2013; Ye et al., 2013; Reich et al., 2012). Temperature impact 

development in predictive models (King et al., 2004; Veldhuis et al., 2015; Sandia National 

Laboratories, 2020). The solar-cell output voltage and the current generation are affected 

via temperature and materials-specific factors (the kT dependence of Boltzmann statistics 

and materials-specific bandgap narrowing or widening) and device-architecture-specific 

factors (Peters et al., 2018). Figure 16 shows several PV materials' radiative efficiency 

changes as a temperature function. Figure 16 directly compares the temperature 

dependence of performance ratios of state-of-the-art CdTe and PERC-type silicon PV 

modules as a function of temperature. This function is often linearly approximated, and the 

slope is called the power temperature coefficient. 

 

 

Figure 4. 3: Cell efficiencies at different band gaps. 
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Left - Limiting efficiency as a function of bandgap and temperature. Band gaps of various 

PV technologies as a function of temperature.  

Right - Normalised performance ratio of a CdTe PV module and PERC-type silicon solar 

cells. CdTe is less sensitive to changes in temperature and has a comparably higher 

performance ratio at high temperatures (Peters et al., 2018). 

 

Table 4.2 summarises the material properties of various solar cell materials. The 

temperature coefficient here is the most relevant parameter. Compared to mainstream 

silicon PV technology. CdTe has a significantly smaller temperature coefficient, resulting in 

a better performance ratio at temperatures above standard test conditions of 25 degrees 

Celsius (77 degrees Fahrenheit). However, when generating most of their power. PV 

modules are typically much hotter than the ambient air around them (10 degrees Celsius or 

greater above ambient air is not typical). Hence much of the power is generated at 

temperatures above 40 degrees Celsius (104 degrees Fahrenheit; 313 degrees Kelvin). 

Most power generation occurs at very high module temperatures between 50 and 60 

degrees Celsius in hot, arid climates. 

 

Table 4.2. Band-gap at 25 degrees C (Eg@25 ᴼC), power temperature coefficient 
(Dɳ/DT), and record efficiencies (ɳREC) (Peters & Buonassisi,2018). 

 

A smaller temperature coefficient offers a significant advantage for PV technology in hot 

climates; those temperature coefficients are linked to materials and depend on the 

architecture of the solar cell. Solar cells with a higher voltage have a smaller temperature 

coefficient. For example, typical values for silicon are at -0.45%/K; for CdTe, values are 

around -0.27%/K. However, the best silicon solar cells, heterojunction (or HIT cells), 

generate much higher voltages than conventional silicon solar cells (up to 750mV at an 
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open circuit). Moreover, have temperature coefficients as low as -0.3%/K. Therefore, 

further improving the voltage of CdTe solar cells should also reduce the temperature 

coefficient. 

 

 

Figure 4. 4: Insolation and module temperature in a hot and arid sub-tropical 
environment. Most power generation occurs at module temperatures between 50°C 

and 60°C (Peters et al., 2018). 

 

4.5.2 Impact of water vapour. 

In addition to temperature effects, the impact of spectral variation on CdTe modules, 

and their differences from silicon, are well documented. Spectral effects occur because 

different atmospheric agents absorb light predominantly in specific spectral ranges. 

Water, a leading contributor to the shape of the ground reaching solar radiation, is more 

dominantly active in the infrared. At the same time, aerosols occur primarily in the blue. 

These absorptions change the percentage of available photons absorbed by a solar cell. 

A small bandgap cell-like silicon will see a more significant relative reduction in power 

for high atmospheric water concentrations than a larger bandgap cell-like CdTe. The 

reverse is true for aerosols. Higher levels of humidity or water vapour in the atmosphere, 

sometimes referred to as precipitable water, reduce the amount of sunlight that reaches 

the solar module as it passes through the atmosphere. Water blocks or extinguishes 

light through absorption or scattering. Water absorption over all wavelengths of sunlight 

is not equally distributed. They are still concentrated in several discrete bands called 

absorption bands. These absorption bands are indicated in Figure 17 as blue bars and 

marked with H2O. Figure 18 shows how the limiting efficiency of the solar cell as a 

function of the bandgap of the solar cell material changes with increasing amounts of 
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water in the atmosphere. Whenever one of the blue bars is crossed, reduced efficiency 

occurs. Because silicon has a smaller bandgap (1.12 eV) than CdTe (1.54eV), silicon 

absorbs a broader range of photons, and light that Si can use is affected by more 

absorption bands. Consequently, as the water content in the atmosphere increases, the 

light intensity that silicon modules can use to create electricity is reduced more strongly 

than for CdTe. The greater sensitivity of silicon compared to CdTe is also shown in 

Figure 4.4. 

 

Figure 4. 5: Precipitable Water and Band Gap Effects on Efficiency. 

 

Left - Limiting efficiency as a function of bandgap and total precipitable water. Band 

gaps of various PV technologies. Right - Normalised performance ratio of CdTe PV 

module and PERC type silicon solar cells function of full precipitable water (Peters et 

al., 2018).  

The sensitivity to water is specific to a solar cell bandgap by its absorber material. Higher 

bandgap materials are less sensitive to water vapour in the atmosphere than lower 

bandgap materials. Consequently, all higher bandgap materials have an advantage over 

silicon in areas with high humidity. Because this advantage is tied to the absorbed 

bandgap, there are also no technological means by which lower bandgap materials 

could compensate. In temperate climates, the total precipitable water (i.e. the total water 

content of the atmosphere when condensed into a column) is below 2cm. Values can 

be as high as 12cm in the tropics, and the corresponding performance difference 

between silicon and CdTe can exceed 10%. 

Figure 4.6 shows the annual decomposition rate of Pmax, Imax and Vmax broken down 

by technology. Despite mono-(A) and multi-Si (B) scattering, the predominant drop is in 

current rather than in voltage. This issue is an essential consideration for proper inverter 

size. More interesting is how the degradation of IV parameters varies from technology 

to technology. Figure 4.6 shows the degradation of Pmax, Isc, Voc, and FF for crystalline 
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silicon technology (a) and (b) and thin film (c). Again, thin-film technology amorphous 

silicon (a-Si), copper indium gallium (two), selenide (CIGS), and cadmium telluride 

(CdTe) have been superimposed on one map. Monocrystalline silicon and 

polycrystalline silicon show similar patterns. The highest Pmax degradation is closely 

related to Isc, followed by FF and Voc, with minimal degradation. 

Typical observed Isc degradation could be due to delamination, discolouration, and 

cracking of individual cells. However, less likely to be due to light degradation and 

fouling [17,18]. FF degradation is significantly less and is usually associated with 

corrosion and solder bond breakage. In the thin-film technology shown in Fig. 4.6 (c), 

the pattern is different despite the clustering effect of the technology. All three thin-film 

technologies offer significantly higher FF degradation (compared to crystalline Si 

technology) and are often associated with photoinduced degradation of a-Si and 

increased series resistance in CIGS [19], 

 

 

Figure 4. 6: Degradation rates of the maximum-power-point values for power, current 
and voltage for mono-Si (a) and multi-Si (b). Dashed lines show no degradation. A 

degradation that is negative indicates an improvement. 
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Figure 4. 7: Pmax, Isc, FF, and Voc degradation intensities for mono-Si (a), multi-Si 
(b), and thin-film (c) semiconductors are shown in Figure 3. (c). The thin-film layer is 

a Si (filled with blue diamonds), CIGS (filled with green triangles), and CdTe (red 
points indicated by the numbers at the top. 

 

For most crystalline silicon modules, most degradation in Isc could be explained by 

discolouration of the encapsulant. The evidence supporting this theory includes:  

1. That discolouration is known to cause a slight decrease in power production. 
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2. The discolouration is accelerated at higher temperatures, consistently observing 

the most increased Isc degradation in the desert.  

3. That several of the reports specifically mentioned discolouration [20-24]. 

 

The decrease in Isc might also be explained by delamination and the associated loss of 

light transmission through the encapsulant-glass interface. Some of the reports 

specifically noted delamination. [25-27]  

If delamination occurs, there may eventually be moisture ingress and corrosion of the 

internal parts of the module. Another common cause of loss of Isc can be broken cells. 

The effect of cell breakage may be delayed because the current can continue to flow 

until all metal connections fail. Still, there may be a more abrupt drop in the current 

output at that point because this may only affect the photocurrent in one part of the 

module. We expect that loss of current from one broken cell will reduce the fill factor, 

not the Isc. The diversity of thin-film technology complicates understanding the 

degradation mechanisms for the thin-film modules. The general observation that the fill 

factor decreases more than the other module parameters differentiates thin-film 

products from silicon. Still, it does not produce clear conclusions about the dominant 

wear-out mechanisms. The relatively small changes in open-circuit voltage simplify the 

system design since the match between the system voltage, and the desired input 

voltage of the inverter may not change much over the system's lifetime. However, a 

more careful evaluation of the decreases in fill factor for the thin-film modules may lead 

to changes in voltage; this question may benefit from the additional investigation. 

Similarly, as noted above, the 0.5%/yr decrease in module efficiency may correspond to 

significantly greater degradation rates at the system level depending on the system's 

design. 
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Figure 4. 8: Effect of operational temperatures on c -Si:H solar cell IV curve. 

 

Figure 4.8 above shows the Iv curve of a c-Si solar cell at 1000 W / m² and the various 

operating temperatures. The open-circuit voltage (Voc) gradually decreases as the 

temperature rises. This is because the bandgap of semiconductors decreases at high 

temperatures, and Voc is proportional to the bandgap. Both Voc and Vmp decrease with 

increasing temperature [28]. 

The obtained Voc values are 0.62 and 0.48 Volts at 300 and 360K, respectively. The 

efficiency and fill factor (FF) also decreases with increasing temperature. As the 

temperature rises from 300K to 360Kas, the obtained efficiency drops from 18.42% to 

14.04%. Due to the increase in carrier generation and the decrease of the high-

temperature bandgap, the short-circuit current Isc increases slightly with the rise in 

temperature [22]. The Isc values obtained at 300K and 360K are 35.1mA and 37.3mA.  
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Figure 4. 9: Effect of operational temperatures on a-Si:H solar cell IV curve. 

 

Figure 4.9 shows the IV curve of a-Si:H solar cell at 1000W/m² and different operating 

temperatures. The open-circuit voltage (Voc) gradually decreases as the temperature 

increases. This decrease is due to the bandgap of semiconductors reducing at higher 

temperatures, and Voc is proportional to the bandgap. Therefore, both Voc and Vmp 

decrease with increasing temperature [29]. The obtained Voc values are 0.55 and 0.44 

volts at 300 and 360K, respectively. The efficiency and fill factor (FF) also decreases 

with increasing temperature. As the temperature rises from 300K to 360K, the obtained 

efficiency drops from 11.42% to 9.61%. 

 

Figure 4. 10: Effect of operational temperatures on a CdTe solar cell IV curve. 

 

Figure 4.10 shows the IV curve of a CdTe solar cell at 1000 W / m² and various operating 

temperatures. The open-circuit voltage (Voc) gradually decreases as the temperature 
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rises. This decrease is due to the bandgap of semiconductors reducing at high 

temperatures, and Voc is proportional to the bandgap. Therefore, both Voc and Vmp 

decrease with increasing temperature. The Voc values obtained were 0.75 and 0.59 

volts at 300 and 360K. 

Efficiency and curve factor (FF) also decreases with increasing temperature. For 

example, a temperature increase from 300K to 360K reduces the resulting efficiency 

from 7.33% to 6.79%. 

 

 

Figure 4. 11: Effect of operational temperatures on a CIGS solar cell IV curve. 

 

The IV curve of the CIGS solar cell at 1000 W / m² and various operating temperatures 

are shown above in Figure 4.11. The open-circuit voltage (Voc) gradually decreases 

with increasing temperature. This gradual decrease is created by the semiconductor's 

bandgap reducing at higher temperatures, and Voc is proportional to the bandgap. 

Furthermore, both Voc and Vmp decrease with increasing temperature. The Voc values 

obtained were 0.55 and 0.40 volts at 300 and 360 K, respectively; As shown in Figure 

4.11, the efficiency and the fill factor (FF) also decrease with increasing temperature. 

The efficiency obtained drops from 10.86% to 6.88% due to the temperature rise from 

300 K to 360 K. The Isc values obtained at 300k and 360K are 31.681 mA and 30.96 

mA. 
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4.6 Conclusions.  
 
The study found that c-Si solar cells perform better at higher temperatures than a-Si:H, 

CdTe, or CIGS solar cells, producing the following results: 

 The Voc, FF, Pmax and efficiency of the four solar cells decrease as the temperature 

increases.  

The Voc of all four batteries increased slightly as the temperature increased.  

The c-Si solar cell with a temperature coefficient of -0.0020/K had the lowest impact on 

Voc. 

The Pmax temperature coefficient values for c-Si, CdTe CIGS, and A-Si are -0.0724/K, -

0.0112/K, -0.0663/K and 0.0362/K. CdTe solar cells are more stable during power 

generation at high temperatures. 
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Chapter 5: Spectral analysis effects on PV Plants. 
 

5.1 Introduction. 

The spectral analysis calculates waves or vibrations in a sequence data set. This data is 

implemented as independent variables, such as three Cartesian space coordinates or time. 

It is assumed that the observation interval in space or time is constant. Purely periodic data 

series are rare but consider monthly averages of variables obtained over several years, such 

as births per 100,000 population. Data for individual years are non-cyclical. The spectrum is 

calculated for two reasons.  

First, the normal range can bring empirical data to a simple formula with a much smaller 

number of members than the source data, regardless of whether the data is periodic. This 

one saves storage space and facilitates analysis operations. In addition, this process is used 

to reduce the size of image files on your computer. Second, the spectrum is an essential 

component of statistical descriptions. 

Photovoltaic devices are affected by changes and changes in the solar spectrum. In practice, 

the energy produced by a photovoltaic cell or module can be calculated by integrating the 

spectral response and the product of the spectrum over a range of incident light wavelengths 

at a given temperature and irradiance level [1]. The effect of the spectrum is a technology-

dependent parameter, as some technologies are more affected by spectral changes than 

others [2]. 

The spectral response of PV technology is generally known. Still, since the spectral irradiance 

of different installation locations is unknown, it is difficult to assess the spectral loss. The 

spectral content is affected by various factors, such as AM, water vapour, clouds, aerosol 

particle size distribution, particulate matter, and ground reflectance [3]. The spectrum is 

described under clear sky conditions as a function of air quality and relative humidity [4]. 

Spectral effects are more complex in cloudy weather. In general, light in the blue region of 

the spectrum is stronger than the standard AM 1.5 spectrum under these conditions. Instead, 

the blue areas of the range weaken as the sun moves across the sky. 

 

Several studies have been conducted indoors and outdoors to investigate spectral effects 

[5-7]. The spectral response of photovoltaic cells and modules can be determined indoors 

using specialised equipment. Such as solar simulators and unique filters under controlled 

light and temperature conditions [8,9]. However, in outdoor research, the spectral 
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behaviour of photovoltaic devices is usually determined by mounting the photovoltaic 

device on a tracker. And measuring the short circuit current or I-V characteristic in 

combination with measurements obtained using a pyranometer and a spectroradiometer. 

 

The influence of the spectrum is described in a variety of ways. For example, several authors 

have shown spectral effects by calculating each PV technique's percentage of solar radiation 

available [10]. Others require knowledge of the spectrum under various conditions, including 

average photon energy (APE) parameters [11,12].  

 

The c-Si and CIGS technologies have broad spectral responses, which allow for sizeable 

spectral absorption. In the case of c-Si technology, efficiency improvements at high AM and 

clear sky conditions have been reported [13]. At the same time, other studies have been 

conducted on installations under clear sky conditions [14]. However, the performance of the 

tracker decreases slightly with increasing AM [15]. CdTe and a-Si technologies have 

approximately 350-800 nm narrow spectral responses, resulting in lower photon absorption. 

Compared to c-Si, a-Si modules exhibit higher energy yields in diffuse light illumination and 

high solar elevation angles [16]. 

Specifically, in a previous study in Japan, it was found that the ratio of spectral solar radiation. 

Available for solar cell utilisation to global solar radiation ranged from 5% for polycrystalline 

silicon cells to 14% for amorphous silicon cells and increased throughout the year [17,18]. 

Furthermore, experimental results from a study conducted in the United Kingdom showed 

that on an annual average basis. The available spectral fraction of solar irradiance for a-Si 

varied from +6% to -9%. While for CdTe and CIGS at + variation in the range of 4% to -6% 

and ±1.5%. Therefore, the effect of the spectrum on photovoltaic performance is essential, 

depending on the location, climatic conditions and spectral sensitivity of each technology. 

 

5.2 PV degradation. 
 

The performance of PV modules varies with climatic conditions and deteriorates over time 

[19-23]. An essential factor in the performance of photovoltaic technology has always been 

its long-term reliability, especially for emerging technologies. The most critical issue in long-

term performance evaluation is degradation, which results from progress in power or 

performance loss, depending on several factors. Such as the battery, module, or even system 

level. In almost all cases, the main environmental factors associated with known degradation 
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mechanisms include temperature, humidity, ingress of water, and ultraviolet (UV) intensity. 

These factors can stress the PV device throughout its life cycle. Therefore, a detailed 

understanding of the relationship between external factors, stability issues, and module 

degradation is required. 

Degradation mechanisms at the cellular level include a gradual performance loss due to the 

material's ageing and contact adhesion or corrosion, usually resulting from water vapour 

intrusion. Other degradation mechanisms include weakening the influence of the metal 

through the PN junction and the deterioration of the antireflection coating. The above 

degradation mechanisms are derived from previous experience with c-Si technologies 

[24,25]. 

 

In this case of amorphous silicon cells, a vital degradation mechanism occurs when the 

technology is subjected to sunlight. As a result, the power stabilises at approximately 70-80% 

of the initial energy. This decay mechanism, known as the Staebler-Wronski effect, is 

attributed to breaking the weak Si-Si bond [26]. This effect was introduced by photoexcited 

carrier recombination after the thermalisation. It results in defects that reduce carrier life [27]. 

Other degradation mechanisms have also occurred and were observed with CdTe and CIGS 

thin-film technologies at the cell level. For CdTe technology, the effect of cell degradation 

depends on the characteristics of the cell and the applied stress factors. CdTe technology 

does not enable p-type CdTe to ohm-contact with metal; hence, most devices use copper to 

dope the CdTe surface before contact [28,29]. Copper content can cause dramatic changes 

in the electrical properties of CdTe thin film. 

 

Copper is so mobile that it diffuses along the CdTe cell's grain boundaries and recombination 

centres near the p-n junction. Shallow copper content reduces the conductivity of CdTe; 

however, copper diffusion may turn the backside contacts into non-ohmic contacts. Another 

effect of CdTe degradation is the applied voltage from the battery or external voltage. Copper 

ions are forced towards the front circuit conditions and affect cell degradation during 

accelerated ageing for different CdTe cell types [30]. In addition, impurity diffusion and doping 

distribution changes may affect device stability [31,32]. Still, the industry has addressed this 

problem by using special alloys. 

  

It has long been questioned that copper atoms do not cause stability problems in CIGS cells 

because CIGS has a flexible structure that increases resistance to chemical changes [33]. 

However, wet heat tests performed on unencapsulated CIGS cells show that humidity 
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reduces cell performance. This is more pronounced as a decrease in VOC and FF due to 

increased concentration of deep acceptor states in CIGS absorbers [34]. Other essential 

factors include donor-type defects and the effect of Ga content on cell stability [35,36]. 

 

At the module level, in addition to the cell failure mechanism. Degradation occurs due to 

packaging materials, interconnects, cell cracks, manufacturing defects, bypass diode 

failures, encapsulants failures and delamination [37-39]. Finally, at the system level, 

degradation includes all cell and module degradation mechanisms, module interconnection, 

and inverter degradation Table 5.1 summarises the prominent thin film’s failure modes and 

mechanisms [40]. 

 

 

Failure Modes Effect on I-V curve Possible failure 

mechanism  

1.Cell degradation   

a.Main Junction; increased recombination Loss in Fill Factor,  

Isc and Voc 

Diffusion of dopants 

impurities, etc. 

electromigration 

b. Back barriers; loss of ohmic contact 

(CdTe) 

Roll over, cross 

over of dark and 

light I-V, higher R 

series 

Diffusion of dopants 

impurities, etc. corrosion, 

oxidisation, 

electromigration 

c. Shunting R shunt decreases Diffusion of metals, 

impurities, etc 

d. Series   R series Increases Corrosion and diffusion  

e.De-adhesion from soda-lime glass Isc decreases and R 

series increse 

Na ion migrate to 

SnO2/glass interface 

f.De –adhesion of back metal contact Isc decreases Lamination stresses 

   

2. Module degradation   

Interconnect resistance   

a. Interconnection resistance ZnO:Al/Mo or 

Mo Al interconnect 

R series increases Corrosion,electromigration  

b. Shunting Mo across isolation scribe R shunt decreases Corrosion,electromigration  
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Bus bar degradation R series increase or 

open circuit 

Corrosion,electromigration  

Solder joints R series Increase or 

open circuit 

Fatigue, coarsening (alloy 

segregation  

Encapsulation failure   

a. Delamination  Loss in fill factor, 

Isc and possible 

open circuit 

Surface contamination, UV 

degradation, hydrolysis of 

silane/glass bond, warped 

glass/ dinged glass edge 

thermal expansion 

mismatch  

b. Loss of hermetic seal   

c. Glass breakage   

d. Loss of high potential isolation    

 

Table 5.1 summarises failure modes and failure mechanisms of the prominent thin 
film [40]. 

 

Indoor degradation investigations are performed at the modular level. In addition, adding 

interconnects and other materials to form the modular structure increases stability issues.  

Accelerated ageing tests performed indoors and under controlled conditions can inform 

various degradation mechanisms. Degradation studies using indoor methodologies based on 

the IV curve and power acquisition at STC. The electrical properties of the PV module are 

firstly measured at STC. Then the module is exposed outdoors or indoors by acceleration 

procedures [41-43].  

 

Finally, a solar simulator is periodically used to acquire electrical characteristics for each PV 

cell or module under investigation. The difference in current, voltage or power from the initial 

value indicates the deterioration rate continuously. 

In addition, because the modules are exposed to actual outdoor conditions, many groups 

perform outdoor monitoring of individual PV modules by acquiring and comparing I-V curves 

[44-46].  

Another method of investigating outdoor degradation is measuring PV systems' power and 

energy yields exposed to actual operating conditions. The general approach is first to 

establish a PR or maximum power time series normalised to photovoltaic (PVUSA) test 
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condition (PTC), usually monthly, with solar irradiance of 1000W/m² and temperature of 20ᴼC 

and wind speed of 1m/s.  

Then use time series analysis like linear regression, classical sequence decomposition 

(CSD), and an autoregressive integrated moving average (ARIMA) to get the trend and hence 

the degradation rate [47].  

Further testing is necessary for future exploration, so what are the current developments on 

the following. 

 

5.3 Recent developments on Spectral analysis effects on a solar 

panel. 
 

This research includes several significant effects affecting the performance of photovoltaic 

systems [48]. First, however, specified in several ways: 

• Some new PV module types have a special coating or textured surface to reduce reflectance 

loss. Measurement data from such modules can quantify overall PV energy output 

improvement.   

• So far, the method of estimating spectral effects has considered only single-junction PV 

technology. The technique used here must be changed for tandem cells and multi-junction 

technology. 

• Some photovoltaic technologies show long-term fluctuations in unit efficiency. This is mainly 

the case with amorphous silicon technology and, therefore, further development of a model 

for operating these units. 

• PV module performance is almost certainly environmentally dependent and tends to age. 

However, a better model of this effect must be developed before estimating the geographic 

variation of age-related degradation. 

 

5.4 Conclusions.  
 

The worldwide, Emergence and continuous spread of various photovoltaic technologies such 

as c-Si, thin-film, and CPV indicate photovoltaic technologies. Can become the leading 

energy source in the future. However, the success of each technology depends mainly on 

the ability to achieve goals such as improving manufacturing procedures while increasing 

efficiency and reducing costs. 
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Given the wide range of photoelectric technologies available, obtaining information on their 

characteristics in the open air is essential. The main performance parameters of PV systems 

are energy output, efficiency and PR. These parameters form the basis for all productivity 

estimates and loss factors studies. The main environmental factors affecting the performance 

of PV systems include solar radiation, ambient temperature and solar spectrum. Another 

essential factor to be considered is degradation. Thus, a good understanding of the 

characteristics of various outdoor photoelectric technologies is a critical requirement in their 

successful integration into other climatic conditions. 

In particular, helpful information about the implementation of various photovoltaic 

technologies side-by-side installation has been obtained by examining their seasonal 

characteristics and the effects of temperature, pollution and power ratings. The results of the 

outdoor performance evaluation also showed that these technologies have huge potential in 

countries with extensive solar energy resources. 
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Chapter 6: Small central control Mechanism for large-scale 
PV plants. 
 

This chapter summarises the central control mechanism for PV plants, reporting the most widely 

accepted equipment, the most employed components, and materials. Moreover, it reviews 

the state-of-the-art control systems to maintain photovoltaic systems to achieve optimum 

performance. Particular attention is committed to the latest development in control 

mechanisms. 

6.1 Introduction to the Control Mechanism. 
 

6.1.1 Grid-connected PV systems. 

A grid-connected solar PV system comprises three parts: an array of solar cells, power 

electronic converters, and an integrated control system [1]. A solar cell is a semiconductor 

mechanism that converts sunlight into direct-current electricity. Typically, solar cells are 

connected in series to form a module that gives a standard dc voltage. Modules are coupled 

into an array to produce much current and voltage to meet demand [2]. There are two ways 

to connect PV modules into an array. The first approach connects modules in series into 

strings and then parallels into an array. The second approach first wires modules together in 

parallel, then those units are combined in series. PV system optimisation methods are 

typically employed [3]. In practice, systems sizing has been recognised based on system 

performance, component modelling, technical, economic considerations and system 

reliability [4]. PV array optimisation techniques benefit manufacturers who do not have 

detailed information about their future implementation. The optimum configuration depends 

on the 'place's general radiative characteristics, showing a clear dependence on latitude [5]. 

Ideally, both series-parallel and parallel-series connections are comparable if all the cells and 

modules are identical and work in the same condition. However, suppose sunlight is applied 

unevenly to different PV cells, shading or other impacts. In that case, the second connection 

approach could cause many problems [6].  

6.2 Different types of Controllers. 
 

6.2.1 Introduction to the Controllers. 

No single inverter is best for all situations; however, there are several types: Central, String, 

multi-string, modular, power optimisers and micro-inverters. Distribution systems are 

categorised into four types: for small scale, the range up to 250 kW. For medium scale, 
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250kW to 1000kW, Large scale,1MW to 100MW, and mega-scale, the power capacity is more 

significant than 100MW [7]. Inverter technology for grid-connected solar power plants usually 

consists of micro-inverter, string inverters and central inverters [8-12]. Micro-inverter and 

string inverters are installed predominantly in small and medium-scale projects. In contrast, 

the central inverter is utilised in large-scale solar power projects. However, string inverters 

have started to be used for large-scale solar power projects [13,14].  

A typical PV Plant-based system layout requires a PV array Figure 6.1, PV inverter and 

transformers. The connection of this equipment is based upon the location used by the PV 

inverter: two inverters are generally used to connect the PV plant; central or multi-string. 

 

Figure 6.1: A grid-scale PV-based plant. 

 

 

Figure 6.2: Large-scale grid-tied solar power system. 
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Figure 6.2 is a typical configuration of a solar power plant. The solar panels are connected 

in series to create strings combined in parallel before connection to the inverter. The DC/AC 

inverter is one of the essential components in the grid-connected solar power system. It 

converts DC power (solar panels) to AC (network grid) with the support of Maximum Power 

Point Tracking controllers (MPPT) with a grid-tied controller [15-20] with the system. The 

DC/AC inverter operates the MPPT of the PV array by regulating the DC-link voltage to 

maximum power point voltage and synchronises the AC utility grid current with the grid 

voltage for active and reactive power control [21]. The DC/AC inverter is linked to the grid 

by an inductive grid filter with an LV/MV transformer. To raise the voltage from low voltage 

(LV) to medium voltage (MV) of a few thousand volts (LV/MV) to reduce losses in 

transmitting energy to the grid. 

ria 

Figure 6.3: A high-level, single-line diagram shows typical voltages of operation for 
the AC system of a solar power plant. 

 6.3 Invertors. 
 

Several inverters are central, string, multi-string, modular, power optimisers and micro-

inverters. These 'inverters' objective is to convert the PV-generated DC power into AC 

power. To determine the PV-generated DC power required to supply a given Ac load which 

in turn, for specified PV array efficiency, sets the PV array size. An 'inverter's performance 

depends upon its point of work, the threshold of operations, grid connection system, inverter 

output waveform, harmonic distortion and frequency, PV efficiency, maximum power point 

tracker (MPPT) and transformer. The primary function is wave shaping, output voltage 

regulation, and operations near peak point [22].  
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The three significant types of inverters, sine wave, modified sine wave and square wave 

inverter, the primary advantage of a sine wave inverter, are the most commercially designed 

equipment available for sine wave operation. A modified sine wave inverter will also operate 

most equipment. A square wave inverter will only operate simple devices. The output square 

wave is converted to a sine wave. An inverter with an MPPT algorithm extracts maximum 

power from the PV by changing the input voltage to maintain full power point voltage (MPP) 

voltage on the current-voltage curve as PV output varies with insolation and module 

temperature [23]. 

 

6.3.1 Central inverter. 
Central inverters are usually three-phase and can incorporate grid frequency transformers 

[24]. These transformers increase the 'inverters' weight and volume; although they provide 

galvanic isolation from the grid, there is no electrical bond between the input and output 

voltages [25]. 

 

Figure 6.4: (a) Central PV inverter.  (b)  Mutli-string PV inverter. 
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6.3.2 String Inverter. 
The string inverters are shown above in Figure 6.4, a smaller version of the centralised 

inverter, where a single string of PV modules is connected to the inverter. The input voltage 

may be large enough to avoid voltage amplification. No losses are associated with string 

diodes, and separate Maximum Power Point (MPP) tracking MPPTs can be applied to each 

string. Increasing the energy yield via the reduction of mismatching and partial shading 

losses. These superior technical characteristics increase energy yield, enhance supply 

reliability, increase overall efficiency compared to the centralised inverter, and reduce the 

price due to mass production. 

 

The string inverter concept uses multiple inverters for multiple strings of modules. String 

inverters provide MPPT on a string level, with all strings being independent. It is useful when 

modules with different orientations. Or modules of other specifications or shading issues 

centralised, string, micro and power optimiser inverters produce higher power output than a 

string inverter. 

Strings connections are in parallel to the inverter. Central inverters offer high reliability with 

the simplicity of installation. However, they have disadvantages. Increased mismatch losses 

and the absence of maximum power point tracking (MPPT) for each string may cause arrays 

with different module types, multiple tilts and orientation angles and shading issues [26]. 

 

6.3.3 Multi-string inverter. 
The multi-string inverter in Fig. 4(a) is the further progress of the string inverter, where several 

strings interfaced with their DC-DC converter (separate MPP tracking systems) to a typical 

DC–AC inverter [27]. Compared to the centralised system, it is beneficial as individual control 

is achievable; therefore, a compact and cost-effective solution combines central and string 

'technologies' achievements and benefits. This multi-string topology allows the integration of 

PV strings of various technologies. 

 

 

6.3.4 Modular inverter. 
Inverter systems' flexibility and adaptability increased by separating the control system's 

hardware. The control can be designed independently and based on functional aspects only 

and, in addition to that, delocalised or centralised. An important factor is the distributed control 

[28,29]. Defining this means that parts of the control topology are closer to the corresponding 

power electronic elements. Simultaneously, superordinate functions are separated and 

centralised, primarily supporting the modular structure. The inverter is incorporated into 
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hardware and software elements linked by functionalities. However, decoupled functional 

modules (hardware and control elements) can be treated independently. And genuine 

software and hardware elements are only interpreted by their detached functionalities. An 

example of distributed control is to locate measurements, pre-processing and post-

processing functions, local control functions and supervision functions close to the concerning 

hardware. The primary control, management and superordinate supervision of the entire 

system can be decoupled and located externally, shown in the structure below in Figure 6.5.  

 

 

Figure 6.5: Separation of inverter control and hardware. Left: Conventional 
interlocked inverter structure. Right: Modular inverter structure with decoupled 

control and hardware.[6] 

 

6.4 Power optimiser. 
 

Like microinverters, power optimisers are small devices installed at each solar panel. 

However, instead of transforming direct current (DC) into alternating current (AC) at the solar 

panel, the optimiser conditions and routes the energy to the central string inverter. It is 

important to note that power optimisers are not inverters. Instead, as the name suggests, it 

optimises the energy produced by an individual solar panel and routes its DC power 

individually to the inverter. 
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6.5 Micro Solar inventors. 
 

Different micro solar investors are classified below. 

 

                 

  

Figure 6.6: Single-stage or two-stage. 

 

             

 

 

Figure 6.7: Transformer microinverter or Transformer-less microinverter. 

 

            

 

 

Figure 6.8: Line frequency transformer or High-frequency transformer. 

 

Single-stage microinverters are designed to improve system efficiency by reducing the 
number of components. It compromises the MPPT and PWT control in one stage and 
performs the single-stage conversion process.  
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Figure 6.9: Multi-stage micro inverters [17] Mohammad Reza Aghaei, Shauhrat S. 
Chopra, Solar PV systems design and monitoring in Photovoltaic Solar Energy 

Conversion,2020D. 

 

6.5.1 Multi-stage micro inverters. 
A multi-stage micro inverter topology comprises a DC /AC stage used to boost the PV voltage 

to the required voltage (approximately 400v DC), incorporating a DC/AC stage that converts 

Dc to Ac voltage.  

They convert DC electricity from PV modules into AC, ideally conforming to the local grid 

requirements. Also, perform a mixture of functions to maximise the plant's output. These 

range from optimising the voltage across the strings. Monitoring string performance to log 

data and providing protection and isolation in irregular grid or PV modules [30]. 

There are two wide-ranging classes of inverters: central inverters and string inverters. The 

central inverter configuration below shows the Figure remains the first choice for many 

medium and large-scale solar PV plants. Many modules are connected in a series to form a 

high voltage (HV) string.  

Simple 1 or 2 stage controllers, PWM (pulse width modulation), Maximum PowerPoint  

tracking (MMPT) and micro. 

 

The local conditions and system components must be considered to tailor the specific 

application system. Various solar PV module technologies and layouts may suit different 

inverter types. Care is required in integrating modules and inverters to ensure optimum 

performance and lifetime. The most cost-effective inverter option requires an analysis of 

technical and financial factors. The DC-AC conversion efficiency directly affects the solar PV 

'plant's annual revenue and varies according to several variables, including the DC input 

voltage and load. Extra factors should help identify inverters, such as site temperature, 
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product reliability, maintenance, serviceability, and total cost. Inverters also de-rate with 

altitude, which may be considered in mountainous locations. 

Central inverters are frequently used in a "master-slave" configuration. This means that some 

inverters shut down when the irradiance is low, allowing the other inverters to run more 

closely to optimal loading. When the irradiance is high, all invertors share the load; thus, only 

the required number of inverters are in operation at any time. The operating time is distributed 

uniformly among the inverters, increasing the design life. 

6.6 Effect of the controller on maximum power. 

A solar PV 'system's control system contains maximum power point tracking (MPPT) and the 

other for grid interface control [31-34]. The control functions are achieved through power 

electronic converters. There are three typical power converter configurations [35]:  

1) A dual-stage converter configuration including a dc/dc boost converter operating the 

MPPT and a grid-connected dc/ac converter using grid interface control. 

 2) Configuration with multi-string dc/dc inverter and a grid-connected dc/ac converter.  

3) A single-stage dc/ac inverter handling all the tasks such as MPPT and grid interface 

control.  

Figure 6.10 shows a PV array with inverter configuration 2.  

For inverter configurations 1 and 2, the voltage applied to each string is  

𝑉𝑠 = (1 − 𝐷) ∗ 𝑉𝑑𝑐                                                                      (6.1) 

Vdc is the dc-link voltage, and D is the dc/dc inverter.  

For configuration 3, apply the dc-link voltage. 

To the parallel strings directly. The MPPT control is attained by varying the dc voltage 

applied to the PV generator. Typical MPPT strategies include P&O (Perturb and Observe. 

The Perturb & Observe algorithm states: that when a small increment perturbs the operating 

voltage of the PV panel. Suppose the resulting change in power (P) is positive. In that case, 

we are going in the direction of MPP perturbing in the same direction. If P is negative, we 
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are going away from the direction of MPP, and the sign of perturbation supplied must be 

changed [36]. 

6.6.1 Incremental Conductance. 

Voltage-Based MPPT and Current-Based MPPT, a slight dc voltage agitation was introduced. 

As the output power of the PV generator increases, then the agitation is continued in that 

direction. Otherwise, the agitation reversed in the opposite direction. The practice continues 

until the maximum power point (MPP) is achieved [37].  

Incremental Conductance method, the agitation voltage is calculated using the PV generator 

dc voltage [38]. The total Conductance method is faster and more stable in getting to the 

MPP. The voltage-based MPPT approach assumes that an MPP of a specific solar PV 

module lies about 0.8 times the 'module's open-circuit voltage. A feed-forward voltage control 

scheme was applied to bring the solar PV module voltage to the MPP [39]. However, the 

'module's open-circuit voltage and the MPP vary with temperature and other factors; MPP for 

a practical PV application is challenging using this technique. The current-based MPPT 

approach assumes that an MPP of a PV module is about 0.9 times the 'module's short circuit 

current. Comparable to the Voltage-Based approach, the module's short circuit current and 

MPP may be affected by insolation levels. Therefore, using this method, MPP for a practical 

PV application, is challenging [40]. 

6.6.2 Power control characteristics of grid-connected dc/ac. 

To study stationary and dynamic regimes in three-phase systems. The application of "vector 

control" (Parck vector) is a powerful tool. To analyse and control DC/AC converters, enabling 

the abstraction of differential equations that govern the three-phase 'system's behaviour in 

independent rotating shafts. However, the main disadvantage of using this control method. 

Is that it introduces a nonlinear part, a rotation of axes (mathematical transformations), which 

requires much computing power and is resolved with existing microcontrollers and DSP. 

6.6.3 Power control attributes of grid-connected dc/ac converter.  
The dc/ac inverter operates similarly in all three converter configurations. A control goal is to 

transfer the solar array's active power to the ac grid. And the reactive power of the ac Grid 

system at the desired value while maintaining a high-power quality in terms of harmonics and 

unbalance. Figure. 6.10 shows the grid-connected dc/ac converter system diagram. A dc-link 

capacitor is on the left. A three-phase voltage source signifies the grid voltage at the Point of 

Common Coupling (PCC) (right-hand side), and a grid filter is in the middle. In the d-q 

reference frame, the voltage balance across the grid filter [41,42]. 
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Figure 6.10: Grid-connected dc/ac converter schematic. 
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                                                 (6.2) 

 

Here is the angular frequency of the grid voltage, and L and R are the inductance and 

resistance of the grid filter.  

 

Eq. (6.2) expressed using space vectors defined by a complex Eq. (6.3)  

 

In which Vdq, Idq, and Vdq1 are instantaneous space vectors of PCC voltage, line current, 

and converter injected voltage to the grid.  

 

 𝑽𝒅𝒒𝟏 = 𝑹 ∙ 𝒊𝒅𝒒 + 𝑳
𝒅

𝒅𝒕
𝒊𝒅𝒒 + 𝒋𝒘𝒔𝑳 ∙ 𝒊𝒅𝒒 + 𝒗𝒅𝒒                                                (6.3) 

 

 

Under the steady-state condition, (6.3) becomes: 

 

 𝒗𝒅𝒒𝟏 = 𝑹 ∙ 𝑰𝒅𝒒 + 𝒋𝒘𝒔𝑳 ∙ 𝑰𝒅𝒒 + 𝑽𝒅𝒒                                                                (6.4) 
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Vdq, Idq and Vdq1 stand for the steady-state space vectors of PCC voltage, grid current, 

and converter injected voltage.  

 

The general approach used in the controller design of the grid-connected dc/ac converter is 

the PCC voltage-oriented frame [43],  

 

 

i.e., the d-axis of the reference frame aligned with the PCC voltage position. Hence, in terms 

of the steady-state condition,𝑉𝑑𝑞 = 𝑉𝑑 + 𝑗0   

Assuming 𝑉𝑑𝑞1 = 𝑉𝑑1 + 𝑗𝑣𝑞1    and neglecting the filter resistance, then, the steady-state 

current flowing between the PCC and the converter, according to Eq. (6.4) is:  

 

    𝐼𝑑𝑞 = = +                                                    (6.5)    

 

In which XL stands for the grid filter reactance.  

 

Supposing generator convention is applied, i.e., power flowing toward the grid as positive; 

then, the power transferred from the converter to the grid is achieved from the primary 

complex power equation 𝑃𝑔 + 𝑗𝑄𝑔 = 𝑉𝑑𝑞1𝑑𝑔 = 𝑉𝑑1𝑑𝑞. 

 

by solving this power equation together with Eqs. (6.5), (6.6) is obtained,  

 

𝑷𝒈 =
𝑽𝒅𝑽𝒒𝟏

𝑿𝑳
∙ 𝑸𝒈 =

𝑽𝒅

𝑿𝑳
(𝑽𝒅𝟏 − 𝑽𝒅)                                                      (6.6) 

 

 

According to Eq. (6.6), the active and reactive powers, controlled through q and d components 

Vq1 and Vd1 of the converter, injected voltage into the grid. The grid-connected ‘converter’s 

similar power control characteristics still exist when considering filter resistance, as shown by 

[44].  

 

The converter must operate within the rated current and converter linear modulation limits for 

any power control conditions, as shown by Eq. (6.7). Therefore, I rated; the rated phase RMS 
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current of the converter, and Vconv is the phase RMS voltage of the converter output voltage 

[45]. 

 

 

 
𝑰²𝒅 𝑰²𝒒

𝟑
≤ 𝑰𝒓𝒂𝒕𝒆𝒅,    𝑽𝒄𝒐𝒏𝒗 =

𝑽²𝒅𝟏 𝑽²𝒒𝟏

𝟑
≤

𝑽𝒅𝒄

𝟐√𝟐
                            (6.7) 

 

6.7 Seamless integration of the controller with PV plants. 
 

Thanks to a classical P&O MPPT algorithm and a proportional-integral (PI) power controller, 

it is supported in MPPT and power limiting modes. Also, the seamless switch between the 

two methods is feasible.  

The PI power controller allows for a faster dynamic response. Then the perturbation methods, 

due to their flexibility, PV shedding, achievable with an easy reconfiguration by reducing or  

raising the PV voltage.  

This choice is frequently linked to the converter constraints. Nevertheless, it has an impact 

on the efficiency of the system. Therefore, many different types of efficiencies for inverters 

are defined.  

These describe and quantify the efficiency of various aspects of an 'inverter's operation. 

However, the search for an objective quantifying inverter performance is still ongoing. As a 

result, new ways of measuring efficiency are frequently suggested in the literature.  

 

The most used methods are deliberated below. Conversion efficiency measures the loss 

experienced during the conversion from DC to AC. These losses are due to a transformer 

and the associated magnetic and copper losses, inverter consumption, and losses in the 

power electronics. Conversion efficiency: the ratio of the fundamental component of the AC 

power output from the inverter, divided by the DC power input: 

 

The conversion efficiency is not constant; it depends on the DC power input, the operating 

voltage, and the climatic conditions, including ambient temperature and irradiance. The 

variance in irradiance during a day creates variations in a PV array's output power and 

maximum power point (MPP).  
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The inverter is continuously subjected to various loads, leading to fluctuating efficiency. The 

voltage at which inverters reach their ultimate efficiency is a crucial design variable as it allows 

system planners to optimise the cabling system. Due to the energetic nature of inverter 

efficiency, diagrams are more suited to depiction than uniform numeric values. Figure 6.11 

depicts the inverter's efficiency's dependency on the inverter load. 

 

Figure 6.11: Low Medium and High efficiency 'inverters' Efficiency curves as 
functions of the input power to inverter rated capacity ratios [4]. 
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6.8 Effects of soiling losses on the controller. 
 
The conversion efficiency of a solar energy system can vary depending on environmental 

conditions such as; soiling, temperature and power input, and voltage. For example, the range 

in irradiance during a day can cause variations in a PV array's output power and maximum 

power point. In addition, the inverter is constantly under load, which can lead to fluctuations in 

its efficiency. Therefore, soiling and temperature effects directly affect the voltage at which 

controllers achieve their maximum efficiency. 

6.9 Conclusions. 
 
The inverter requires a dry, cool, ventilated area to achieve optimum performance. However, 

indoor installation is also installed outdoors. However, protection against direct sunlight, 

moisture, and other factors can increase the operating temperature, as this will cause affect 

the 'inverter's life span. 

.  
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Chapter 7: A case study 
 
Kuwait is a middle east country with a 29° 30’ N latitude, with about 4.271 million population. 

The government has a solar PV (photovoltaic) installed capacity of 93 MW in 2019, 

generating 59 GWh in the same year and targeting 4 GW installation by 2030.  

The country is located in a Saharan region with severe dust activity all year round, which 

causes a significant deteriorating influence on the PV performance. This study investigated 

the effect of soiling on PV performance through optical losses. Three 5cm x 5cm low iron 

glass coupons were exposed in Kuwait City for three months (February to April) during the 

spring at three angles (Horizontal, Tilt-45, Vertical). 

 
  

 The spectral characterisation was conducted using a Spectrophotometer. This yield 

performance reduction was determined using Wacom continuous solar simulator.  

 
 The morphology and elemental characterisation were performed using a scanning 

electron microscope and energy dispersive X-ray scanning.  

 
 X-ray powder diffraction was employed to determine the accumulated minerals. The 

findings show a 52% optical loss and a 53% power reduction from the coupon 

exposed in the horizontal position.  

 
 Particle characterisation provided images and data minerals that cause a significant 

effect on light transmittance. 

 
 

7.1 Introduction. 
In the recently completed COP26 in Glasgow, about 200 nations agreed to accelerate actions 

of reducing CO2 emissions and meet up 2025 target in 2022 [1]. Kuwait is rapidly deploying 

resources to increase clean energy contribution to the electricity supply. To achieve the target 

through a multi-million pounds investment in solar energy technology to develop a 5GW asset 

[2]. 

 

However, the technology faces a severe challenge (PV soiling) that has devastatingly 

influenced its performance [3, 4]. A 10 MW pilot project comprising 5 MW polycrystalline and 

5 MW is facing serious soiling challenges [5]. 
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PV soiling reduces the yield of the technology depending on several factors such as site, 

particulate matter, climatic conditions and angular positioning [3, 6, 7]. The country 

experience extreme dust activities with varying levels of aerosol deposition and entrainments 

from a storm, haze, rising, and suspended dust leading to about 26 severe dust storms in 

137 days/year, which drop visibility about 150 m and sometimes to as low as 1.8 m [8, 9]. PV 

soiling is forecasted to cause 4-7 billion euros revenue losses by 2023 [10]. 

Although several studies [5, 11] have already been conducted on the performance of the 

popular solar installation in Kuwait [12] (Al-Shegaya), mere attention has been given to the 

impact of soiling on the asset. However, considering the above highlights.  

A colossal investment such as Al-Shegaya in Kuwait requires continuous research and 

monitoring to sustain its performance. Therefore, this study investigated the effect of soiling 

on PV performance through optical losses and related it to the asset’s economic failures.  

 

7.2 Experimental Methodology. 
 
Three 5cm x 5cm low iron glass coupons were exposed in Kuwait city with proximity to 

Shegaya solar farm (29°12’19”, 047°03’06”) for three months (February to April) during the 

spring. Shegaya solar farm is considered to be the period with the most significant dust storm 

activity in the region [5, 9].  

The coupons were positioned at three angles (Horizontal, Tilt-45, Vertical) and after the 

expiration of the exposure period, coupons were returned to the solar laboratory at the 

University Exeter in the United Kingdom for characterisation to obtain optical losses 

information and deposited material. The optical losses data were collected to analyse the PV 

soiling of the Al-Shegaya solar farm installation. 

 
 
 
 

7.3 Spectral Characterisation. 
The exposed coupons were examined using a spectrophotometer (Perkin Elmer Lambda 

1050 UV/VIS/NIR). An unexposed clean coupon was used as a benchmark to measure 

transmittance change (Δτ) from 250nm to 1250 nm. The spectral wavelength of all installed 

PV systems in the Al Shegaya solar farm response within. The relative transmittance change 
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in percentage was calculated using Eq. 1, where the 𝜏  is transmittance data of coupon 

relative to its angular positioning and 𝜏  Represents the baseline coupon, which is 

clean and was not exposed. 

The optical losses based on the optimum angle were calculated using the linear interpolation 

technique provided in Eq. 2, where ∆
( )

 is the calculated change of transmittance of a 

coupon at an optimum angle, 𝛽( ) is the optimum tilt angle of Al Shegaya based on GSA 

[12], 𝛽( ) is angular position of 45 that a coupon was exposed, 𝛽( ) is the horizontal angle 

which a coupon is positioned,  ∆
( )

 is the optical loss for horizontal positioned coupon, and 

∆
( )

 Is the optical loss recorded on the coupon positioned 45 angle? 

 

∆
( )

=
(𝛽( ) − 𝛽( )) (∆

( )
− ∆

( )
)

(𝛽( ) − 𝛽( ))
 + ∆

( )
 

Eq. 2 

 

7.4 Particles characterisation.  
The morphological characterisation was performed using the electronic scanning microscope 

(SEM Quantal FEG 650 equipped). Before scanning, a soiled coupon was carbon coated 

with an Emi-Tech K950 machine.  

Two images (backscattered electron and secondary electrons) were obtained, and the latter 

was used for morphological analysis. Next, the element study of accumulated particles was 

conducted with an Energy Dispersive X-ray (EDX) attached to the SEM. Again, backscattered 

images from the SEM were adopted to determine the accrued elements of the coupons.  

 
X-ray powder diffraction (XRD - Siemens D5000 diffractometer) was employed for mineralogy 

characterisation. Due to the number of samples, smear sample preparation was conducted 

to transfer the particles from the coupon to the diffractometer grey plastic holder. The 

minerals’ transparency was further determined using online databases such as mindat.com 

and minerals.net. 

7.5 PV Yield. 
Power losses using exposed coupons were calculated using two approaches. The first uses 

an experimental procedure where coupons were placed on top of a high-efficiency solar cell 

under a solar simulator (Wacom WXS 2105-20 AM1.5G) to measure yield  and estimate 

reductions by calculating the percentage difference between the soiled exposed coupon and 

a clean unexposed one using Eq. 3, where PV  is the soiling losses based on the coupon 
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placed on top of the cell, 𝑃𝑉  is the yield of the cell without any coupon on top, and 𝑃𝑉  

Is the cell yield with soiled coupon relative to the type of coupon.  

 

PV  (%) =  
|(𝑃𝑉 − 𝑃𝑉 |

𝑃𝑉  + 𝑃𝑉
2

× (100) 

Eq. 3 

 

A correlation was conducted using Optical losses data from this study, which was used as 

the soiling losses value and annual PV yield data of Al Shegaya solar energy park from Global 

solar atlas and PVSyst. Soiling losses were calculated using Eq. 3 and compared with the 

estimated losses presented by GSA. 

 
 
 
 
  

7.6 Economic analysis.  
The economic analysis of the losses was conducted to determine the simple payback time of 

the installation. Considering the losses determined from this study, considering the losses 

with the assumed payback time estimated by GSA and TSK. The simple payback time was 

calculated using Eq. 4. The IC is the initial installation cost, AEP is the annual energy 

production, and 𝑥. is the price of energy displaced.  

 

𝑆𝑃 =
𝐼𝐶

𝐴𝐸𝑃 ×  𝑥. 𝑘𝑊ℎ⁄
 

Eq. 4. 

 
 

7.7 Results 
The optical results provided the anticipated data pattern. The coupon exposed on the 

horizontal plane shows higher accumulation and reduces when tilted towards the vertical 

plane. The most significant visual loss record is 52% when the coupon is exposed 

horizontally, as shown in Figure 1.  

The most negligible loss is recorded from the coupon on the vertical with about a 25% 

reduction. The calculated optical loss for the optimum tilt angle is 46.4% based on the annual 

optimum angle of 31 for the region.  
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Figure 7.1: Optical losses variation highlight losses relative to angular positioning.  

 

7.8 Particle size.  
The size of particles and the space they occupied on the coupon represent the optical losses 

recorded. The accumulation appears to be having a significant amount of PM10 and PM2.5 

particles. Although the accumulation pattern was observed to be non-uniform, having larger 

particles in layers could reduce the photon influx. Refer to Figure 2 for an SEM imaging of 

accumulated dust. The majority of the particles have aggregated structures that could affect 

light transmittance.  
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Figure 7.2: SEM imaging illustrates particle size, shapes and accumulation pattern. 

7.9 Backscattering Images.  
The backscatter image was further characterised using the EDX for elementology analysis. 

The finding shows elements belong to varying groups. For example, some metalloids (Si), 

transitional metals (Mo and  Fe), alkaline metals(Na, K and Al), alkaline earth metals (Mg and 

Ca) and halogens are known as reactive non-metals(Ci and Br). Figure 3 shows the elements 

recorded from the EDX analysis. A detailed explanation of the various aspects is provided in 

the discussion section. 

 

Figure 7.3: EDX graphs illustrating elements recorded on the exposed coupon. 

 

The recorded minerals, through XRD analysis, show diaphane particles to be transparent to 

translucent. (Actinolite, Calcite, Clinochlore, Dolomite, Gypsum, Lizardite and Muscovite), 

transparent to opaque (kaolinite) properties.  

All these minerals could affect the transmittance at varying capacities, where some will 

complete attenuate an influx of photons. The diffractometer chart is provided in Figure 4.  

Yield losses determined using a simulator show a similar trend of losses considering the 

optical losses. The most significant PV power yield loss was recorded on the horizontal 

coupon with about 53% reduction, followed by 38%. In comparison, the lowest was 25% from 

the verticle plane. The PV performance reduction due to soiling was closely similar to optical 

losses.   
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Figure 7.4: Diffractometer illustrating peaks in minerals accumulated on the exposed 
coupon. 

7.10 Performance parameters.  
Figure 5 illustrates the performance parameter where short-circuit current (ISC) is highlighted 

to demonstrate the impact of soiling losses on PV performance. Position loss from the 

optimum tilt angle of the region was calculated, finding that about 43% soiling loss could 

occur when a coupon is positioned on the plane (31). In addition, significant variation was 

observed in the short-circuit current, which reduced the power out. 



 

163 
 

 

Figure 7.5: IV Curves illustrating PV yield variation. 

7.11 Economic losses.  
The Al Shegaya energy park PV yield losses correlated with optical losses to determine 

possible soiling losses, employing 46% as the calculated soiling losses. A reduction from 

17,760,000 to 9,519,000 KWh/10MWp was estimated. 

This reduction is further translated into economic losses, where a simple payback time 

analysis was calculated. The findings show it would take about 45 years before the 

installation will attain a return on investment. This simple payback calculation ignored 

operations and maintenance (OM), regaining performance due to other factors that could 

reduce the impact of soiling.   

 

7.12 Discussion. 
The results exhibit comparable findings where the optical losses are in relatively good 

agreement with PV yield losses and could be related to an asset yield loss.  

 
The Morphology, elementology and mineralogy studies highlight that PV yield losses drove 

optical losses through the attenuation, scattering, and reflection of influx photons. It was 

observed that most of the accumulated particles are of larger grain sizes, aggregated in 

conglomerate clusters, and non-uniform deposition.  

Some elements recorded are highly reactive and conductive metals, while others (halogens) 

are reflective. Most of the minerals recorded were found to be around translucent, some 

opaque. These transparency levels could disrupt light transmittance, mainly when 

accumulated in aggregated patterns observed from the SEM imaging. Reduction of light 

transmittance means PV performance reduction. 
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7.13 Optical losses.  
Optical losses and PV yield results highlighted alarming losses, which render the technology 

unprofitable. However, an installed PV system exposed under normal conditions will last 

approximately 25 years. The results show that simple payback using the GSA atlas soiling 

level could reach 24 and 45 years. 

 Adopting the optical data from this study indicates that the investment is not viable and would 

return the investment. However, the soiling losses are not expected to remain at this level 

since seasonality tends to cause variation.  

In addition, the site was reported by AL-Rasheedi et al. [5] to adopt a mitigation technique 

using a semi-automated system attached to a tractor. However, the cleaning is only 

conducted five times a year, which is assumed to be inadequate.  

Other methods were reported by Chanchangi et al. [13] to have the capacity to mitigate these 

losses with different performance efficiency, and some are natural (rain and wind). However, 

cementation and calcification are extremely resistive simple detachment forces. Therefore, it 

is recommended to investigate the adhesion forces and the factors influencing them in the 

region. 

 
The presented results demonstrated the adequacy and effectiveness of an integrated 

approach, considering the limited data. However, the output shows discrepancies with the 

expected performance of the assets.  

Even though some factors such as seasonality, climatic conditions, operating costs for 

maintenance, and change in accumulation over time were ignored. The full potential of this 

approach can be realised if all of the above factors are taken into account; as such, this report 

must be interpreted in light of those limitations. 

 

Chapter 8: Conclusion and Recommendations.  

8.1 Conclusions. 
Photovoltaics have been investigated through a comprehensive literature review as well as 

various theoretical and experimental studies. In addition, the impact of environmental 

conditions, such as soiling and temperature. Its implications on Photovoltaics have been 
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discussed in detail while highlighting the need for enhanced considerations towards the 

ecological situation and the Pv cells. 

Soiling can be a severe issue for PV systems worldwide, becoming more concerning due to 

the rapid PV market expansion. As a result, mitigation strategies have been implemented to 

eliminate or reduce its effects. However, it must be tailored to the specific conditions and 

configuration of each PV site; in addition, the intrinsic complexity and variability of soiling make 

it still difficult to predict. For these reasons, it has to be constantly monitored. 

Solar energy can theoretically meet all of our current and future energy needs. Many solar 

cells are available, including monocrystalline, poly-crystalline, and thin-film. Nevertheless, the 

technology lags and is hampered by the complex process of producing highly efficient single 

crystal cells. Polycrystalline cells are cheaper to produce, but they're not as efficient as 

monocrystalline cells. Multi-junction cells with different bandgaps are used to improve 

efficiency, but there are some disadvantages. This will lead to more complex and expensive 

products. The manufacturers will have to decrease their manufacturing costs and increase 

their output power. Manufacturers need to develop and increase the size of wafers to build 

larger panel formats that can generate up to 600 watts of power. Hence, larger cells have 

more surface area. Combined with the latest cell technology, multiple busbars (MBB), PERC 

and mosaic tape, they can increase efficiency by up to 22%. New technology allows for further 

development in materials better suited for solar cells or an increase in efficiency. Reducing 

the thickness of a cell produces savings in manufacturing costs. 

The latest developments allow for further advances in research and development in cell 

metasurfaces structures and cell efficiencies. According to Carlos II University, 9th February 

2021 has allowed multiple performance improvements, with up to 40% efficiency improvement 

possible. Metasurfaces are a new design that could significantly improve future solar cell 

performance. Reducing the thickness of the layer will result in more current being generated, 

which can be saved on materials and manufacturing costs. The reduced thickness of the film 

and the extraction of electrons generated by light are more effective at reducing interference. 

They have fewer paths to cross where they will be reabsorbed. The heat generated by light 

absorption in the surrounding layers causes a warming effect, which reduces the defect in 

long-term solar installations. And can be applied to future installations to achieve better energy 

efficiency and increase cell efficiency. 

 
 
Chapter two discusses different ways to cool small domestic solar panels. The temperature of 

the PV cell decreases by about 12° C when it is cooled with air. The system's electrical 
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efficiency in air cooling does not always increase as the air's mass flow rate increases. There 

is a specific mass flow rate value that is optimum. The cooling effect of water spray on a solar 

cell's performance is significant; even a low flow rate of water spray has a noticeable impact. 

Water cooling significantly lowers the PV cell's operating temperature, improving the PV 

panel's electrical performance. Finned cooling system reduces the temperature of the 

photovoltaic panel and enhances its electrical efficiency. 

 
Chapter three, The cleaning of your module is a simple task essential for keeping your site 

running smoothly. The machine produces a lot of energy quickly. The frequency of module 

cleaning will be determined by local site conditions and the time of year. The level of soiling 

on solar cell modules will vary depending on the site where they are installed. Still, the 

frequency of cleaning will be determined by the location and the ground material around the 

modules. This article discusses the various parameters of solar photovoltaic panels and 

different cleaning systems that have been developed up to the present day. 

 
Chapter four established that c-Si solar cells perform better at higher temperatures than 

a-Si:H, CdTe, or CIGS solar cells, producing the following results: 

 The Voc, FF, Pmax and efficiency of the four solar cells decrease as the 

temperature increases.  

 The Voc of all four batteries increased slightly as the temperature increased.  

 The c-Si solar cell with a temperature coefficient of -0.0020/K had the lowest 

impact on Voc. 

The Pmax temperature coefficient values for c-Si, CdTe CIGS, and A-Si are -0.0724/K, -

0.0112/K, -0.0663/K and 0.0362/K. CdTe solar cells are more stable during power 

generation at high temperatures. 

 
Chapter five concluded The worldwide proliferation of various photovoltaic technologies, such 

as c-Si, thin-film, and CPV, confirms the viability of photovoltaic technologies. The energy 

source could become the leading one in the future. Each technology has a different success 

rate depending on whether it can help companies achieve their goals, such as improving 

manufacturing procedures and reducing costs. Understanding other photoelectric 

technologies' characteristics are essential to making informed decisions about one to use. PV 

systems are designed to generate energy, be as efficient as possible, and have good PR 

(public relations). These parameters are essential for all productivity studies of solar energy 

systems, including those focused on performance losses. Solar radiation, ambient 
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temperature, and solar spectrum all affect the efficiency of solar panels. Another essential 

factor to consider is how the material will degrade over time. Understanding the characteristics 

of different outdoor photoelectric technologies helps integrate them into other climatic 

conditions. For example, this information was obtained by examining their seasonal factors 

and the effects of temperature, pollution and power ratings. 

 
 
 
 
Chapter six identified that inverter needs a cool, dry, ventilated area to work optimally. 

However, both indoor and outdoor installation is also possible. However, protection from direct 

sunlight, moisture, and other factors can increase the operating temperature, which can 

shorten the 'inverter's life span. 

 
Chapter seven, the study's results showed that an integrated approach is practical and 

adequate when considering the limited data. However, the test results show that the assets 

are not performing as expected. However, some factors such as seasonality, climatic 

conditions, maintenance operating costs, and change in accumulation over time are ignored. 

The full potential of this approach can be realised if all the above factors are considered. As 

such, this report should be interpreted in light of those limitations. 

 

8.2 Recommendations for Future works.  
 

• Future work will include studying the effects of pollution on temperature and spectral 

fluctuations concerning parameters such as precipitation and particulate matter. 

• It is expected that pollution's main effect on temperature is reducing radiation to the cell, 

which leads to lower unit temperature. 

• Non-uniform contamination may result in mismatch effect issues between receivers, resulting 

in problems with hot spots. For spectral influence, the soiling tends to decrease the blue part 

of the spectrum the most.  

• This effect may lead to a mismatch between the top and middle subcells, reducing the 

module's output and increasing the cell's temperature. 
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