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Abstract  7 

The performance behaviour of solar concentrating photovoltaic (CPV) is an important element 8 

for the design and development of solar devices and system. A CPV receiver assembly consists 9 

of layers of solar cell materials and some the receivers equipped with heat exchanger, used to 10 

dissipate heat and prevent the cells from overheating. CPV receiver have better conversion 11 

efficiency than non-concentrating devices and could, therefore, make a greater contribution to 12 

renewable energy sources. However, there is a trade-off between efficiency and cost for non-13 

concentrated (conventional PV) systems and CPV. The performance behaviour of CPV at 14 

various environmental operating conditions needed for the accurate estimation of the energy 15 

yield from a CPV over its lifetime. Besides, a better understanding of the CPV device 16 

performance is necessary to continually improve system efficiency. The paper is also highlight 17 

on thermal effects and the effective thermal management of concentrating photovoltaic 18 

assemblies, in which changeable with environmental conditions. Moreover, numerical and 19 

experimental studies related to the thermal performance behaviour of HCPV receiver assembly 20 

are analysed. Thus, these investigations are significant to understand the operating behaviour, 21 

in turn, that leads to improving the design of  CPV receivers. 22 

Keyword: Solar cells; Performance characterisation; Receiver assembly; Concentrating 23 

Photovoltaic; Thermal load.   24 

Highlights  25 

▪ Thermal load and the approaches of prediction /measuring solar cell temperature is 26 

presented.  27 

▪ An overview of development on the technology of solar CPV receiver is presented.  28 

▪ The reliability of HCPV solar cells is highly effects on the lifespan of the entire 29 

system. 30 

▪  Performance characterisation of solar CPV receiver assembly is described. 31 

▪  Highlighted on the development of triple-junction solar cells compound.  32 
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Nomenclature  

AM Air Mass  GaInP Gallium Indium Phosphide 

AF Acceleration Factor  Ge Germanium 

ALT Acceleration Life Factor  HCPV High Concentrating 

Photovoltaics 

ANN Artificial Neural Networks hcov Convection heat transfer 

BICPV Building Integration 

Concentrating Photovoltaic  

Jsc Short circuit current density 

CR Concentration Ratio LM Lattice Matching 

CPV Concentrating Photovoltaic  MJ Multijunction cells 

CPVT Concentrated Photovoltaic 

Thermal 

PV Photovoltaics 

DNI Direct Normal Radiation RF Random Factor 

EQE External Quantum Efficiency STC Standard Test Condition 

Eg Energy band gap Tmax Maximum Temperature 

FF Fill Factor  Tamb Ambient Temperature 

FEM Finite Element Method UHCPV Ultra-High Concentrating 

Photovoltaics 

GaInAs Gallium Indium Arsenide Voc Open circuits voltages 
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1- Introduction  60 

Recently, there has been a rapid increase in worldwide energy needs, which has given the sector 61 

added motivation and has increased the attraction, for the study and development of sustainable 62 

energy resources (WECR ,2016) (GSR ,2018)(Edenhofer et al., 2011).  Nowadays, solar energy 63 

is considered as one of the common utilised renewable energy sources. According to the annual 64 

energy outlook 2019 report (AEO ,2019), solar electricity generation is projected to increase 65 

from 13% in 2018 to 48% in 2050. This new, emerging technology, can participate greatly in 66 

future energy generation (GSR ,2018).  67 

 Due to an increase in the need for sustainable energy generation in recent years, solar cell 68 

manufacture has developed significantly. The components of semiconductor materials are the 69 

best application for extra-terrestrial and earth energy sources, due to the greater performance 70 

in contrast to another established solar cell techniques (Ghoneim et al., 2018). The demand for 71 

other energy sources has risen due to the increased need for clean energy. As a national program 72 

in the USA, for example, one of the developed ideas was suggested for a so-called 73 

“Concentration Photovoltaic”, which was muted after the oil crisis in 1973 to overcome energy 74 

shortage demands (Antonio luque, 2007).   75 

As a  result of the growing demand for renewable energy sources, the manufacture of solar 76 

cells has advanced in recent years and is expected to increase its percentage of power 77 

generation in the near future. This scenario is considered to be one of the motivations to reduce 78 

global carbon emissions and pollutants (Sorensen, 2010; Watts, 2013) (TESTS ,2004).  79 

The contribution and potential of renewable energy sources cannot be underestimated with 80 

regard to providing energy services, which will lead to a path of sustainable social and 81 

economic development in energy generation. That includes assessments of available renewable 82 

resources and technologies, costs of expansion, investment and integration, and the competition 83 

policy in the energy market (Edenhofer et al., 2011).  84 

The current PV installed capacity worldwide is approximately 650 GW at the end of 2019 85 

(Jäger-Waldau ,2019). In addition, the global market in photovoltaic cells had become a 86 

substantial player within the renewable energies sector via expanded production capacity, 87 

especially in the areas where highly automated production lines are prevalent. Moreover, the 88 

expanded worldwide production has led to considerable cost reductions, and have led to greater 89 

competition in the PV industry (Kost et al., 2018).   90 
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Photovoltaics (PV) affords an elegant approach, which converts the Sun’s solar irradiation 91 

directly into electricity. Due to the rising demand and supply, worldwide for renewable energy 92 

sources, the power produced from the solar cell sector has dramatically increased in recent 93 

years. Also, the research development in solar cells, reduction in materials cost and investment 94 

in the industry has led to a booming PV sector (Sims, 2004; Sorensen, 2010).  95 

Recently there was a drop in manufacturing materials cost for Photovoltaic devices, which is 96 

expected to compensate for the needs and growth of the world’s energy demand (Martí and 97 

Luque, 2003). Solar energy is a clean, sustainable energy source that is environmentally 98 

friendly. The technologies of solar photovoltaic applications are widespread. The theory of 99 

photovoltaic PV solar cells is converting the radiant energy from the sun directly to electrical 100 

power, although the technology of photovoltaic is always in continuous development for 101 

numerous usages, in both space and terrestrial applications (Dimroth and Kurtz, 2007).  102 

There is a great potential to exploit solar energy, particularly CPV, in countries located in the 103 

“Sunbelt” area. There is plentiful solar Direct Normal Irradiance (DNI) in that particular area 104 

throughout the year (Philipps et al., 2015). Accordingly, countries in the Middle East, North 105 

Africa, South USA, South China, Southern Africa and Australia, to name but a few, have a 106 

great opportunity for solar conversion technology. The average daily solar intensity is >10.5 107 

KWh/m2 and the annual solar intensity >3800 KWh/m2. Fig.1 shows a Global map of optimum 108 

regions for concentrating photovoltaic application. 109 

The Direct Normal Irradiance, DNI, is described as “the power received per unit of area normal 110 

to the sunlight” (Sala, 2012). Therefore, for electricity generation of a CPV device, it is 111 

dependent on the DNI of sunlight components, as it does not absorb any of the Sun’s diffuse 112 

radiation. Also, in CPV systems, one can only can use the DNI, due to the optical concentration 113 

(Jo et al., 2014). The performance of solar cells in CPV systems can operate in high 114 

environmental temperature, compared to the conventional photovoltaic systems (ABIKO et al., 115 

2018). 116 
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 117 

Fig.1.Worlds solar direct normal irradiance map, (DNI Solar Map Solargis) the map source: 118 
solargis.com (Solargis ,2019).   119 

 120 
CPV cells can convert about 46% of incident solar power to electricity, and the rest of the 121 

power is wasted as heat (Cotal et al., 2009; Rodrigo et al., 2019). High optical concentration 122 

increases the energy yield but also increases the operating temperature (Baranowski et al., 123 

2012). Effective thermal management and heat dissipations are required therefore to save the 124 

cells from failure or thermal damage (Nuñez et al.; Theristis et al., 2016; Theristis et al., 2017b; 125 

Theristis and O’Donovan, 2015). Receiver assembly consists of solar cell compounds stacked 126 

together to heat spreader to optimise energy yield. Performance characterisation parameters of 127 

the inner/external device are significant for enhancing the behaviour of the operating system 128 

(Fernández et al., 2014a; Royne et al., 2005). The performance of High Concentration 129 

photovoltaics (HCPV) strongly relies on the internal behaviour of the solar cells, hence, the 130 

performance parameter of DNI, AM etc. have significant influence (Rodrigo et al., 2015). The 131 

solar cells are mounted on the substrate which gives mechanical support to the structure and 132 

gathers the produced current while reducing the electrical losses. In addition, they efficiently 133 

transfer waste heat from the cell to the surrounding environment (Micheli, 2015; Micheli et al., 134 

2015b).     135 

This paper is important to understand the performance in order to enhance the design of  CPV 136 

receivers in future. A brief overview is presented to give the reader an introduction to the 137 
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various elements that affect the performance of CPV systems. Besides, a detailed review of the 138 

relevant research work regarding general concentrating photovoltaic systems is presented.   139 

2- Historical development of CPV technology 140 

In Sandia National Laboratories, USA, the first CPV System project was developed in 1976. 141 

The system, which had a 1000W peak power array, was fabricated to help our understanding, 142 

and solve the problems, related to concentrating photovoltaic technology. Numerous things 143 

were learned from that project, which resulted in an acceleration in the development of CPV 144 

systems (Algora and Rey-Stolle, 2016; Sala and Luque, 2007). Concurrently, the Institute for 145 

Solar Energy, in the Polytechnic University of Madrid, also developed the so-called ‘Ramón 146 

Aceres panel’: it has a silicon-on-glass focus point Fresnel lens, with a passive heat sink cooling 147 

system. During this period, the solar cells commonly used for both flat-plate and concentrated 148 

photovoltaic were both made from silicon. However, the evolution of research on multi-149 

junction or “tandem” solar cells took a great leap forward with some good news in 1978: a 150 

dedicated group in the University of North Carolina introduced the first double-junction solar 151 

cell (Algora and Rey-Stolle, 2016; Bedair et al., 1979).  152 

The early 1990s was a good era for solid state physics, where develops of a high efficiency for 153 

dual-junction solar cells was attained (Kurtz et al., 1990). The research development on the 154 

subject of CPV began in 1990, where the US Department of Energy made the ‘Concentrator 155 

Initiative Program’. The agents participating in that initiative included four solar cell 156 

manufacturer companies (Spectrolab, Solarex, Sunpower and ASEC): each of these 157 

manufacturers produced their own module; that program ended in 1993 however, nonetheless, 158 

the evolution in CPVs attained through this research was pertinent (Maish, 1993).   159 

Significant progress in this field was achieved in the early 2000s, with the successful 160 

accomplishment of the first three-junction solar cells, based on a germanium substrate (Karam 161 

et al., 2001).  162 

The concentration of sunlight onto the focal point upon the aperture of the high-efficient multi-163 

junction PV solar cell, yielded to much higher power densities, in contrast to the conventional 164 

PV solar cells. Hence, the idea can be achieved by concentrating solar rays on a small cell area 165 

by using optical equipment, such as lenses and mirrors. Therefore, the concept of sunlight 166 

concentration is usually attributed to Concentrator Photovoltaic (CPV) technology. This 167 

decreases the PV cell area required as the device’s light intensity rises via the corresponding 168 

factor of the concentration ratio. The CPV system includes the optical concentration, heat 169 
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dissipation and the tracking systems designed to track the Sun’s rays (Algora and Rey-Stolle, 170 

2016; Wiesenfarth et al., 2018). 171 

The technology of concentrating PVs can produce high energy generation rates, so, based on 172 

that reasoning, it is encouraging for future generations to try to adopt higher energy plants to 173 

rival conventional fossil fuel energy generation (Swanson, 2000).   174 

The concept of concentrating PVs is not new, however, due to issues of reliability, matters such 175 

as the high costs of installation, the shortage of data and field skills, and information on 176 

maintenance and operation costs. The technologies of CPVs ought to, in the long run, become 177 

more economically attractive, and should attain long-term reliability for the project's designers 178 

and investors to allow the market to continue to grow. As a result, with numerous CPV 179 

industrialists entering the industry, greater operating efficiencies have become possible 180 

(Ghoneim et al., 2018).  181 

As shown below in Fig.2 progress represents the top line of CPV system efficiencies; the dots 182 

show measured efficiencies of a cell, module and system. The trend lines illustrate anticipated 183 

efficiencies from different references (Philipps et al., 2015, 2017). Hence, it has become 184 

commercially achievable to attain an efficiency of over 40%, by stacking different 185 

semiconductor materials on top of each other (King et al., 2012). Based on that, the technology 186 

of triple-junction cells is anticipated to move toward efficiency of 50% in the near future with 187 

the development of enhanced manufacturing processes.                    188 

It is worth mentioning that the concentration level has a significant effect on the system’s cost. 189 

The solar cell cost vastly decreases when applying the technology of highly concentrating 190 

photovoltaic; despite that, the technology is still deemed new. The market for CPVs did not 191 

exist beforehand, because of its high cost and low concentration ratios. In turn, this leads to 192 

higher cell efficiency and lower cost (Ghoneim et al., 2018). For the modern CPV systems, by 193 

raising the concentration ratios from an initial level of 100x to 2000x, the cost can be decreased 194 

from approximately 2.5 €/Wp to 0.9 €/Wp (Fernández et al., 2017).  195 

Despite ongoing research on CPV solar cells, modules and systems over decades, the CPV 196 

system only gained access to the market in the mid-2000s. Nevertheless, it is still a young 197 

technology, in contrast to the conventional PV, and is still a small player in the market (Philipps 198 

et al., 2015, 2017).   199 
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 200 

Fig.2. The anticipation of the development of III-V multijunction solar cells under the CPV 201 
application (Philipps et al., 2015, 2017). 202 
 203 
 204 
The main motivation, beyond the research and technology which concentrates on photovoltaic 205 

cells, is to boost CPV research towards a marketable level of cost in electricity; in this part will 206 

be achieved by greater efficiency. Hence, the majority of attempts by researchers aim to 207 

increase the solar cells/module efficiency. Fig.2 illustrates the rise in the efficiencies of the 208 

multijunction (MJ) cell’s/module/system since the year 2000. Moreover, it shows the evolution 209 

achieved by research and the development of CPV modules with forecasts for the next decade 210 

(Philipps et al., 2015, 2017). 211 

The technology of concentrating photovoltaics has proven its merit in the solar PV industry 212 

over numerous years. The first commissioned large-scale CPV power plant was in Spain in 213 

2006, and the power generation was more than 1 MW. By the end of 2015, there were a number 214 

of CPV power plants around the world connected to the grid. Thus, estimated total installed 215 

worldwide capacity has reached about 350 MW (Philipps et al., 2017).  216 

The technology of CPV has the second lowest “energy payback time”, which represents the 217 

time required to produce the same quantity of energy used through the device’s installation, 218 

production and lifespan (Freiburg, 2018). Moreover, this technology of CPV displays a greater 219 

efficiency for large scale power production than technologies of silicon PV in sunbelt countries 220 

and the estimated annual yield is ˃ 1800 (kWh/kWp) (Talavera et al., 2016). The technology 221 
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of CPV systems has a number of applications which including desalination, Building Integrated 222 

Concentrating Photovoltaics (BICPV) and power electricity generation.                           223 

There was a rapid development in the technology of photovoltaic (PV) systems throughout the 224 

last twenty years, which has resulted in more installations of many systems worldwide 225 

(Philipps et al., 2017); and this continues to motivate the researchers to develop such enhanced 226 

renewable energy solutions.   227 

3- Development of CPV Solar cells  228 

3-1 Triple-junction solar cells 229 

Before commencing presenting the triple-junction solar cells in details is important to 230 

summaries the limits of the single-junction cell. The single solar cell theoretical efficiency is 231 

limited by the material’s energy band gap. The key loss mechanisms to be considered is the 232 

Shockley-Queisser efficiency limit, where the efficiency of the single cell is limited to 31% 233 

(Shockley and Queisser, 1961). As depicted in Fig.3 it shows single cell efficiency under a 234 

Standard Test Condition (STC) (cell temperature 25 oC, and air mass 1.5D). Also, the 235 

efficiency of different semiconductor materials with different band gap values. Therefore, that 236 

is the reason for utilising multi-junction solar cells, to overcome single-junction solar cell’s 237 

thermodynamic limit (V. Fthenakis,2012).  238 

 239 

Fig.3. Performance efficiency of some semiconductors materials as a function of band gap 240 

(Kazmerski, 2006).  241 
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 A multi-junction solar cell is designed to exploit the entire solar spectrum; monolithic cascade 242 

stacks of three layers, consisting of GaInP/GaInAs/Ge, results in a combined high conversion 243 

efficiency. High-efficiency solar cells rely on high optical concentration ratios, the 244 

corresponding heat flux results in high device temperatures. The high efficiency multi-junction 245 

solar cells initially were made in applications for space technology, however, recently they 246 

have become more efficient on the earth due to developments in concentration technology (Jo 247 

et al., 2014).  248 

Despite high conversion efficiencies, monolithically CPVs connected in series can lead to 249 

current mismatching, which is considered one of the constraints facing high-efficiency solar 250 

cell power production. On the other hand, that assembly has two advantages: firstly, improving 251 

the internal electric field through the different layers of junctions can be achieved by reducing 252 

the thickness of the single cell junction; secondly, usage of different semiconductor materials 253 

with different band gaps can lead to more efficient use of the whole solar spectrum (Feteha and 254 

Eldallal, 2003).   255 

Triple-junction solar (tandem III-V cells) consist of layers of GaInP/GaInAs/Ge. Series 256 

connection of three different layers allows for high conversion efficiencies. Concentrating 257 

photovoltaics usually use triple-junction solar cells, made from semiconductor materials with 258 

different band gaps. The purpose of using different materials in the multi-junction solar cell is 259 

to increase the efficiency, through the capture of a large number of photon energies from the 260 

solar spectrum. Triple cells are a combination of Gallium Indium Phosphide (GaInP) in the top 261 

layer, Gallium Indium Arsenide (GaInAs) in the middle layer and geranium (Ge) as the bottom 262 

layer; currently, there are up to six layers of junction cells. 263 

There are two configurations for the subcell connection of different semiconductors materials 264 

in the multi-junction cell: mechanically stacked and monolithically stacked. These are 265 

summarised as follows:                             266 

• Mechanically stacked multi-junction solar cells consist of many single-junctions of 267 

different materials, usually manufactured on separate substrates, and subsequently 268 

stacked on top of each other. This configuration has high series resistance, complex 269 

process and high cost. In the end, sets with six terminals are produced, as shown in 270 

Fig.4 (a).  271 

• Monolithically stacked multi-junction also consist of many single-junctions of 272 

different materials, connected in series; the junctions are directly grown on one 273 

substrate and interconnected by tunnel junctions and ended by two terminals. This 274 
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configuration has a simple cell process, lower series resistance and lower cost. It can 275 

distribute sunlight into subcells with different band gaps as shown in Fig.4 (b). 276 

  277 

 278 

 279 

 280 
Fig.4. Two configurations of the triple-junction cell, (a) Cells mechanically stacked, (b) Cells 281 
integrated monolithically stacked (Bett et al., 2007).       282 

In the technology of HCPV normally used, high-efficiency solar cells, a number of 283 

semiconductor materials are stacked differently to increase assembly efficiency. The developed 284 

design of photovoltaic layers utilises different bandgap semiconductor material (combination 285 

of elements in-group “III” with group “V”) to accomplish a wide bandgap. 286 

State-of-the-art monolithic multi-junction solar cells have an efficiency record over 40% under 287 

high optical sunlight concentration (Green et al., 2015; Royne et al., 2005). The main 288 

advantages of high-efficiency photovoltaic cells are (Philipps and Bett, 2014):      289 

• Absorption of a larger magnitude of solar spectrum compounds. 290 

•  Reduction in the cell area of semiconductor materials. 291 

• High conversion efficiency. 292 

The advantages of using high concentrating photovoltaics HCPV gives us the following 293 

features (Philipps and Bett, 2014):   294 

• Because of the lower entropy losses, which results in increased values of cell 295 

efficiency. 296 

• The area of semiconductor materials required to convert the sunlight is reduced. 297 

• Cost of concentrating materials is cheap.  298 

(a) (b) 
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The roadmap for developing solar cells with increased efficiency, by increasing the number of 299 

junctions through adding materials on top of each other with different bandgap, is shown in 300 

Fig.5. Cell assemblies with five junctions can be achieved with an efficiency of 55% and six 301 

junctions can have an efficiency as high as 58%. 302 

 303 

 304 

Fig.5. Development of solar cells, the given theoretical efficiencies values calculated and a 305 

number of junction (Dimroth, 2006).  306 

The main goal of stacked different semiconductor materials in top of each other is to increase 307 

the cells efficiency by absorbs a large number of photon energies from the solar spectrum (King 308 

et al., 2012). Usually, the direct component of the spectrum at AM 1.5 is used to characterise 309 

of the solar cell in ideal status.                                           310 

The lattice constant is defined as a measure of distance between atom locations in a crystal 311 

pattern. The lattice matching and band gap are cornerstones in design and maximize the 312 

efficiency of multi-junction solar cells. Typically, in semiconductor materials, the lattice-313 

matched conditions are required for the epitaxial growth of high-quality materials. As shown 314 

below, the lattice-matches of the Gallium Indium Phosphide, Gallium Arsenide and 315 

Germanium are roughly equal; if Indium Phosphide in incorporate the lattice constant will 316 

increase significantly. Therefore, the lattice constant of the materials at 5.65 Å, corresponding 317 

to 1.8 eV band gaps of GaInP 1.4 eV of GaInAs bandgap and the Germanium is about 0.7 eV 318 

band gaps. 319 

Fig.6 shows the lattice constants for several semiconductors. An example is given of growing 320 

of materials with a different lattice constant, therefore if we replace the Ge bottom cell with Si 321 

one, the difference of lattice constant between them ∆a=4.1%. The results are improved in 322 
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efficiency by 3%, less cost, the drawback is smaller thermal expansion coefficient of the Si 323 

than that of III-V materials, which leads to cracking of the III-V epilayer while cooling down 324 

from growth temperature (Connolly et al., 2014; Jain and Hudait, 2014). “Growing layers on 325 

top of each other with a different lattice constant will result in a formation of dislocations which 326 

are needed to ensure high material quality” (Simon P. Phillips, 2012).  327 

 328 

Fig.6. Relations between the lattice constant and semiconductors materials band gap (Simon P. 329 

Phillips, 2012). 330 
  331 
  332 
The Lattice mismatches semiconductor materials lead to defects and dislocations, which 333 

increase the PV conversion losses. Therefore, for this reason, the most common use of multi-334 

junction cells is manufactured using Lattice-Matched (LM) semiconductors materials 335 

(Fernández et al., 2015).  336 

However, the most important considerations in designing the high-efficiency multi-junction 337 

solar cell are the lattice constant and the energy bandgap: the energy bandgap corresponds to 338 

“the energy that is necessary to free a bound electron in the crystal, thereby creating a hole in 339 

the valance band and an electron in the conduction band”. Therefore, in this state, it matches 340 

the lowest energy photon to be absorbed by the semiconductor material (Fernández et al., 341 

2015).  342 
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The technology of a High Concentrating Photovoltaic (HCPV) system mainly utilises in-343 

expensive materials of refraction or reflection to illuminate a small area; consequently, there is 344 

an increase in the cell’s conversion efficiency (Fernández et al., 2015; Royne et al., 2005). 345 

Solar cell conversion efficiency relies on three factors: the intensity of incidence of solar 346 

radiation; the materials in the solar cell, and the cell operating temperature (Biwole et al., 2011). 347 

The best efficiencies found for various materials over the years; multi-junction solar cells have 348 

the highest efficiencies overall. Also shown are three generations of developed PV cells.            349 

State-of-the-art III-V semiconductors compound technology and cell designs to growth can be 350 

split into two categories: bulk growth methods and epitaxial growth methods. The latter can 351 

grow as liquid phase epitaxy (LPE), chemical vapour deposition (CVD), molecular organic 352 

chemical vapour deposition (MOCVD), also known as metal-organic vapour phase epitaxy 353 

(MOVPE) and molecular beam epitaxy (MBE) (Wiesenfarth et al., 2018). The commonly used 354 

technique of materials growth is MOCVD and MBE (Luque and Hegedus, 2011).  355 

As results of continues development in the technology of solar cells materials the cell 356 

conversion efficiency improves. Hence, the  progress from 1976-2019 the efficiency of the solar 357 

cells increases of the three generations. The efficiency of triple-junction solar cells has 358 

progressed remarkably to exceed 40% (NREL., 2018). 359 

In spite of its drawback on the solar cell efficiency, the heat generated by the solar cell can give 360 

chances on rising the total system efficiency by incorporating the thermal and electrical 361 

technologies (Ramos et al., 2017; Zhang et al., 2012). So, this technology so-called the 362 

Photovoltaic Thermal  (PV/T), that applied technology of the photovoltaic thermal system or 363 

CPVT used for the concentrated photovoltaic thermal system. The heat removed can be re-used 364 

in the form of hot water, hot air, dual-stage refrigerant or utilised the heat in electricity 365 

generation in the form of the thermoelectric devices (George et al., 2019; Zhang et al., 2012).   366 

The applications of CPV can be harnessed in the power plant to generate electricity. In 367 

particular, large-scale, where there is abundant solar Direct Normal Irradiance (DNI) 368 

throughout the year. Fig.7 shows the application of CPV in power generation. 369 

 370 
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 371 

 372 
Fig.7. (a) CPV solar plant, using an array of refractive Fresnel lenses to focus sunlight; (b) 373 
single cell concentration, using Fresnel lens optics. Image: FLATCON® technology (Philipps 374 
and Bett, 2014; Philipps et al., 2015, 2017). 375 

 376 
 377 

4- Triple-junction solar cells spectral distribution 378 

The spectral distribution of the sunlight is significant for the power generation of photovoltaic 379 

solar cells. The solar absorbers depend on the quantum efficiency of the solar cells, and the 380 

distribution of spectral irradiance of incident solar radiation. 381 

Knowledge of the solar spectrum gives solar cell designers the ability to quantify the amount 382 

of current produced by each junction of the solar cell, and a better understanding of the solar 383 

spectrum is important, while bearing in mind cell design. 384 

Accordingly, by stacking these cells of III-V semiconductor materials on top of each other, the 385 

bandgap decreases from the top to the bottom sub-cell. It is important to consider the effects of 386 

spectral mismatch, the non-absorption losses and efficiency losses in performance 387 

characterisation for such solar cells.  388 

Typically, the Si Silicon solar cell utilises a relatively limited range of the solar spectrum array 389 

because of bandgap limits. Triple-junction cells can capture a larger range of the solar 390 

spectrum. This has led to the development of high-efficiency photovoltaic cells fabricated from 391 

III-V semiconductor materials, with different energy band gaps, as displayed in Fig.8.  392 

 393 

Receiver  

(b) (a) 
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 394 

 395 
Fig.8. Triple-junction GaInP/GaInAs/Ge solar cells as a function of wavelength (Fernández et 396 
al., 2015). 397 
 398 
 399 
To explain how the incident solar energy is partially converted into electricity and partly to the 400 

heat in multi-junction solar cells, consider a three-layer solar cell in tandem and monolithically 401 

stacked as illustrated in Fig.8.  402 

If the top layer energy band gap is Eg,1, and the middle layer Eg,2, and for the bottom layer,  403 

Eg,3, the incident photons within the energy range Eph ˃ Eg,1 will be absorbed by the top layer 404 

cell. Although incident photons with energies ˂ Eg,1 will not be absorbed, they consequently 405 

will be transparent and pass to the middle layer. The photons within energies Eg,1 > Eph > Eg,2 406 

will be absorbed by the middle layer and lastly Eg,2 > Eph > Eg,3 will be absorbed by the bottom 407 

layer. Thus, the photons that are not absorbed by the three-layer solar cell will be transformed 408 

into heat energy (Theristis, 2016).     409 

It is estimated that on a clear day approximately 4.4x1017 photons are received every second, 410 

by each square centimetre on the Earth’s surface (Markvart and Bogus, 2000). The incident 411 

solar flux density at the Earth’s surface is variable throughout the daily base hours. 412 

 413 
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 414 

 415 
Fig.9. External Quantum Efficiency (EQE) for triple-junction solar cells component as a 416 
function of wavelength (Núñez et al., 2016).   417 

 418 

Spectral distribution evaluation over the wavelength is the key step to predicting and 419 

characterising the CPV cell/module’s performance. The External Quantum Efficiency (EQE) 420 

of each subcell of photovoltaic triple-junction solar cell can be seen as a function of wavelength 421 

when illuminated. The reference spectrum AM 1.5D G173-03 is also represented as both two 422 

other spectra: the lower values of AM represents condition of air mass at midday, and the large 423 

AM values represent air mass at sunset. It is essential to indicate that the distribution of the 424 

spectral irradiance on the solar cell changes throughout the day, month or year (Fernández et 425 

al., 2017).  426 

The description of the solar spectrum is for the incident irradiance on the multi-junction solar 427 

cell. There is a substantial difference of spectra between the corresponding AM at midday and 428 

AM at sunset/sunrise of the same day. Fig.9 shows both the reference spectrum at AM 1.5D-429 

G173-03 and the External Quantum Efficiency of the three-layer assembly cells of an LM 430 

lattice-matched, GaInP/GaInAs/ Ge solar cell (Núñez et al., 2016).  431 

It should be noted that as far as the multi-junction solar cells are concerned, the level of 432 

concentration or irradiance ought to be assessed separately for each subcell (Domínguez and 433 

García-Linares, 2015). To ascertain concentration levels, component cells (which are single 434 

junction), and which display a similar ‘spectral response’ to that used to estimate the 435 

photocurrent in each sub-cell of a MJ cell. Component cells are built up using semiconductors, 436 
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but with a diode at a single junction. The other junctions, known as ‘isotope cells’ (having 437 

growing isotype junctions), are made inactive electrically; however, they are still capable of 438 

absorbing photons, which allows the one active diode to display the same features as an MJ’s 439 

subcell (Domínguez and García-Linares, 2015; Pérez-Higueras and Fernández, 2015).   440 

Therefore, the top cell responds to a light wavelength of approximately 300-700 nm, cell tested 441 

by a solar light simulator concurrently at one sun bias, and the second, filtered, simulator with 442 

a red long-pass filter. Besides this, the spectral response is measured over an extended range 443 

of 300-800 nm. The middle subcell responds to approximately 500-900 nm, cell tested by solar 444 

light simulator concurrently at one sun bias, and the second, filtered, a simulator with blue band 445 

pass filter, also transmitting in the infra-red. Furthermore, the spectral response is measured 446 

over an extended range of 300-1100 nm. The bottom subcell responds to approximately 900-447 

1800 nm, cell tested by solar light simulator concurrently at one sun bias and the second, 448 

filtered, simulator with an infra-red rejection filter, Also, the spectral response is measured over 449 

an extended range of 800-1800 nm (Benthman ,2017).  450 

5- Types of Concentration ratios and concentrating technique          451 

 452 
The concentration ratio is defined as the amount of solar flux received by the absorber area 453 

compared to the incident flux. This light concentration is the maximum amount of light 454 

reflected or refracted, as efficiently as possible, onto a smaller area on the exit aperture of the 455 

concentrator. The concentration ratio is dimension less unit and normally referred to as ‘suns 456 

or x’. There are two definitions of concentration ratio: (i) Geometrical concentration ratio (ii) 457 

Optical concentration ratio, the latter is most commonly used (Luque and Hegedus, 2011).  458 

5-1 Geometrical concentration ratio  459 

Typically, the geometric concentration is defined as the ratio of entry aperture area against the 460 

exit aperture area, as expressed in Eq.1, where A1 is the aperture area of the concentrator and 461 

A2 is the absorber area (Rabl, 1976). Optical solar concentrators are always characterised by 462 

their capability to concentrate rays of sunlight, which can be expressed as a geometric 463 

concentration ratio. 464 

2

1

A

A
CRg =                                                                (1) 465 
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The basic geometry shows the SunR
r sin= , where R is the distance between the centre of the 466 

Sun and the entry aperture of the concentrator and r is the radius of the Sun, as shown in Fig.10.  467 

 468 

 469 

 470 

 471 

 472 

                       473 

 θsun is the semi-angle subtended by the source S 474 

 475 
Fig.10. Solar radiation transfer through a receiver aperture A1 on absorber A2 (Rabl, 1976).  476 

 477 

5-2 Optical concentration ratio  478 

An optical concentration ratio is known as "flux concentration ratio" or "intensity concentration 479 

ratio". It is defined as "ratio average energy flux on the absorber to the aperture of the 480 

concentrator" (Rabl, 1976), as expressed in Eq.2. As the energy flux on the receiver surface is 481 

not homogeneous, the average of the flux on the receiver is taken into account. Moreover, in 482 

another approach, the local concentration ratio on the absorber can be defined as the ratio of 483 

the flux at any point of the receiver to the aperture. For instance, if the flux on the absorber is 484 

20 times, so the flux on the aperture, the concentration ratio is termed to be 20 suns (Rabl, 485 

1976; Winston and Welford, 1980).  486 

                                         
incidentflux

receiverflux
CRopt

.

.
=                                                      (2) 487 

5-3 Photovoltaic Concentrating Technique and classification 488 

The optical concentration of sunlight can be either refractive or reflective, dependent on the 489 

concentrator device used, such as lenses or mirrors. The system can reduce the area of 490 

expensive solar cells, modules, which will result in increases in efficiency (King et al., 2012). 491 

The concentrating techniques are dividing into four categories depending on the concentrating 492 

ratio: 493 

r 
 

θsun 

θsun 

R 
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• Low Concentration (≤ 10 suns). 494 

• Medium Concentration (10 – 100 suns). 495 

• High Concentration (100 – 2000 suns).  496 

• Ultra-high concentration (>2000 suns).  497 

 498 

5-3-1 Ultra-high concentration (CR > 2000 suns) 499 

Where the concentrating ratio is >2000 suns; one beneficial feature of using Ultra High 500 

Concentration Photovoltaic (UHCPV) is the rise cell efficiency. This range of concentrations 501 

has currently attracted the attention of research scholars, who have indicated that the systems 502 

will have great possibilities for decreasing the CPV system cost. However, the maximum cell 503 

efficiency in these concentration ratios is limited by series resistance losses (Algora et al., 504 

2009). The thermal management has to be carefully considered while utilising solar cells 505 

operating at UHCPV (Algora et al., 2009; Micheli et al., 2015a).  506 

 507 

5-3-2 High concentration (CR > 100 suns ˂ 2000 suns) 508 

This system has a high concentration ratio of between 100-2000 suns; such systems use either 509 

refractive or reflective technologies. Linear concentration systems are used in a parabolic 510 

trough, or with linear Fresnel devices, such as lenses or mirrors. These systems are usually 511 

required for two-axis tracking. Developed HCPV systems are used with high-efficiency III-V 512 

tandem solar cells. The cells have a very high conversion efficiency; under the concentrated 513 

light, the efficiency increases (Philipps and Bett, 2014).  514 

5-3-3 Medium concentration (CR ˃ 10 suns ˂ 100 suns) 515 

Here, the systems have medium concentration ratios of between 10 and 100 suns, and generally 516 

use linear focus systems, such as a parabolic trough or linear Fresnel lenses. These systems 517 

need to function on a single or dual-axis tracking. The main challenge facing these systems is 518 

the heat generated by the cell. Due to the concentration ratio, the heat generated, and the 519 

temperature of the solar cell increases quickly. Many cooling methods are used in order to 520 

overcome the issues of heat dissipation; it is important to consider those efforts that increase 521 

the overall system cost. 522 
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5-3-4 Low concentration (CR ≤ 10 suns) 523 

These systems have low concentration ratios of between one and ten suns and utilise a linear 524 

focus system, such as holographic or luminescent. Typically, these have more flexibility in 525 

tracking requirements and can work without trackers and cooling. Their concentration ratio is 526 

quite low so that the solar cell cost is to be bear in mind. 527 

There are numerous different configurations type of CPV system. They can be categorised 528 

based on the level of light concentration e.g. a low, medium or high concentration ratio. As 529 

illustrated in Fig.11 the CPV systems can be classified based on optics, solar cells, a method 530 

of cooling and tracking system utilised. The tracker's system of CPV is classified into two types 531 

based on the sun trackers from a mechanical point of view (Fernández et al., 2017):  532 

i. One-axis: this tracker is not capable to keep the CPV modules perpendicular to the sun’s 533 

rays in every instant, nonetheless it allows the incident irradiation to be increased with 534 

respect to a fixed assembly. 535 

ii. Two-axes: this tracker work on two degrees of freedom in order to retain the CPV 536 

modules perpendicular to the sun’s rays, thus that it can get the maximum incident 537 

irradiation (Fernández et al., 2017).  538 

 539 

 540 

 541 
Fig.11. Block diagram of CPV classification criteria. 542 



22 

 

                     543 

5-4   Thermal management requirement of CPV receiver 544 

  545 
The key aim of thermal management in a CPV system is to guarantee the reliability of the 546 

system. Thermal management is an essential part in CPV systems, hence the temperature 547 

significantly influences the solar cell’s performance. The cooling can be done either passively 548 

(by using air convection) or actively by conduction and a cooling fluid through a heat 549 

exchanger (Fraas and Partain, 2010; George et al., 2019; Shittu et al., 2019). In medium and 550 

high concentrating CPV systems (10 suns > CR < 100 suns and CR >2000 suns respectively), 551 

cooling is very important, because of the significant decrease in area on the receiver surface 552 

and growth in the energy flux of the concentrated sunlight (Micheli et al., 2013). Cooling 553 

mechanisms have been divided into the two categories, which are active and passive. 554 

5-4-1  Passive heat dissipation  555 

There are several techniques for heat removal in solar cells, such as heat sinks and heat 556 

spreaders. The latter is commonly used on medium concentration photovoltaic (Micheli et al., 557 

2013). The passive methods by conduction to the large area than convection and radiation. 558 

Also, it is more desirable due to their low complexity compared to active cooling. Furthermore, 559 

these require relatively large areas to dissipate the heat (Fraas and Partain, 2010). In addition, 560 

in passive cooling, there is no need for a supplement of electrical or mechanical power (Micheli 561 

et al., 2013), because of the lack of moving portions and no external sources; passive cooling 562 

might raise the CPV systems reliability and decreases the costs. Valera et al. have performed a 563 

feasibility study by using 3D modelling of flat heat-sinks with microscale solar cells at ultra-564 

high concentrating ratio 2000-10,000 suns, the results gives useful design for future UHCPV 565 

thermal management (Valera et al., 2019).            566 

 567 
5-4-2 Active heat dissipation 568 

The active heat dissipation refers to photovoltaic/thermal collector (PV/T) technology, where 569 

the amount of heat produced by the PV is dissipated from the cell, so it can be re-used in other 570 

purposes. Active cooling is required from exterior energy sources to cool the cell (Micheli et 571 

al., 2013). Techniques such as micro-channels heat sink or impinging jets are considered as the 572 

most promising technologies for active cooling of a CPV, as reported in references (Micheli et 573 

al., 2013; Royne et al., 2005).   574 

             575 
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In the simple model, it is assumed the incident solar radiation is transmitted through the cell 576 

encapsulation and absorbed at the solar cell junction, partly determined by the cell temperature, 577 

and is converted to electricity; the rest is converted to heat. Part assumed that part of the heat 578 

is lost through radiation and convection from the cover glass surface. Eventually, the remaining 579 

heat must be removed by the cooling system on the surface of the substrate (Royne et al., 2005).  580 

5-5 Concentrating Photovoltaic Receivers 581 

 582 
A concentrating system consists of the three segments, which comprise of receiver, focusing 583 

optics and tracker. The receiver in the assembly contains the solar cell and a system for heat 584 

dissipation. The purpose of the focusing optics is to concentrate the illumination on the 585 

receiver. Meanwhile, the concentrating system works with the direct sunlight component, the 586 

receiver and focusing optics. However, the latter needs to use a single/dual axis tracker to attain 587 

optimum incident radiation (Renno and Petito, 2013).         588 

The CPV receiver is defines as “an assembly of one or more PV cells that accept concentrated 589 

sunlight and incorporate the means for thermal and electric energy removal” (IEEE-SA 590 

Standards Board, 2001).    591 

Based on the IEC 62108 the Concentrating Photovoltaics CPV receiver is manufactured using 592 

a compound of one or more solar cells, optical material, methods for current extraction, 593 

bypassing diode in shading situations, and heat dissipation. The cells are assigned to an 594 

electrical substrate, which is called a cell assembly (Commission, 2007). 595 

The receivers of High Concentrating Photovoltaic HCPV are designed to raise production of 596 

electrical energy, in order to improve the transportation of the thermal energy and to ensure 597 

appropriate mechanical support. The option of the geometry and the materials selected rely on 598 

several factors, such as the cost, the concentration ratio, and thermal management (Micheli et 599 

al., 2015b).            600 

5-5-1 Substrate  601 

The assemblies of solar concentrating photovoltaics are normally made with three layers. Those 602 

layers are the conductive, the heat spreader and the heat sink layer. Since the conductive layer 603 

is essential to transfer the current, photo-generated energy by the cell uses removal mechanisms 604 

in order to minimise the electrical losses. The heat spreader has to efficiently transport the 605 

waste heat from the solar cell to the heat sink which, in turn, has to dissipate it to the 606 

surrounding media (Micheli, 2015).   607 
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5-5-2 Heat remover module  608 

 609 
Example of a “Diode Steal” module has specification dimensions of 200 x 200 mm of lens size 610 

for CR= 820x and 550x dimension of 165 x 165 mm, as illustrated in Fig.12 (b). The aperture 611 

sizes of the cell are 7x7 mm, therefore this receiver is broadly used in the concentration ratio 612 

of 820 and 550x. Choice of lens size is essential due to its close relevance to heat dissipation 613 

from the cell. In the “Diode Steal” module, the heat of the concentrator cell is exchanged via 614 

the enclosure, without utilising the heat sinks or another heat removal technique (García et al., 615 

2016).    616 

When the cell is subjected to significant optical concentration, heat will be generated in each 617 

subcell. However, in many applications, it will be efficiently released to the environment as 618 

happens for standard PV flat-plate panel, as shown in Fig.12 (a). In case of concentration to a 619 

small area, there are two situations to attain this: firstly, that the heat resistance between the 620 

cell and the enclosure is adequately small. Secondly, that heat can be effectively diffused into 621 

the enclosure. Hence, the second situation relies on the heat conductivity of the enclosure 622 

(made from aluminium), also the values of concentrated heat on the cell in which proportional 623 

to the size of the lens (Araki et al., 2002).    624 

 625 
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 626 

 627 
Fig.12. (a) PV flat-plate panel, (b) Design module of the heat removal design of CPV Daido 628 

Steel and compared with flat-plate PV modules (Araki et al., 2002).  629 
 630 

 631 
The thermal performance of the CPV concentrating photovoltaic module can be represented 632 

and modelled via a thermal resistive equivalent circuit. Thus, the temperature and heat flow 633 

acts using the same equivalent as voltage and current preforming in an electrical circuit. In 634 

addition, the thermal resistors correspond to ohmic resistors. The simple equivalent scheme of 635 

the main mechanism of heat extraction in the CPV module (García et al., 2016; Jaus et al., 636 

2008), is represented in Fig.13 (b). 637 

(a) 

(b) 
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 638 

 639 

 640 
Fig.13. (a) Thermal transfer model, (b) Simple equivalent circuit of the thermal behaviour 641 
of a CPV module (García et al., 2016).  642 

 643 

The only portion of the entire incident energy flux �̇�inc , which is concentrated on the surface 644 

of the solar cell, is converted to the electricity �̇�ele. Although, the rest of the energy �̇�inc – �̇�ele 645 

should be dissipated to the environment as heat. The heat flow is transferred initially by 646 

conduction, then by convection and lastly by radiation, subsequently leading to the steady-state 647 

condition (García et al., 2016):                                                                               648 

�̇�𝑖𝑛𝑐 − �̇�𝑒𝑙𝑒  = �̇�𝑐𝑜𝑛𝑑  = �̇�𝑐𝑜𝑛𝑣  +  �̇�𝑟𝑎𝑑                                           (3) 649 

In order to enable the heat to be dissipated to the environment, the heat flow moves from the 650 

solar cell at a particular temperature, Tcell, to the module back wall at temperature Twall. The 651 

heat transfer mechanism (conduction), and its efficiency, can be quantified by the thermal 652 

(a) 

(b) 
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conductivity of the materials under the solar cell and the thickness of the cell. While further 653 

specific details of different assemblies proposed for the thermal stack is undertaken, based on 654 

heat flow qcond (Jaus et al., 2008; Martinez et al., 2007), as presented in Fig.13 (a). 655 

The operating temperature in the CPV module was predicted by considering the thermal 656 

resistance and the heat transfer coefficient. A low thermal resistance between the solar cell and 657 

the back-surface, and a high, heat transfer coefficient of the back-surface, were found to be 658 

effective for reducing the operating temperature (Ota and Nishioka, 2014).  659 

 660 

6- Prediction and measuring of cell temperature   661 

 662 
The assessment of cell temperature is essential to quantifying energy production of CPV 663 

systems (Renno and Petito, 2018). Triple-junction cells are very sensitive to changes in 664 

temperature, and hence this is considered to be one of the challenges affecting a cell’s 665 

conversion efficiency. Therefore, a cell’s lifetime under light concentration is a matter which 666 

will always need to be taken into account. 667 

Considering the performance behaviour under a concentration ratio of 500x, if the PV module 668 

is insulated, then the temperature can spike up and reach a value higher than 1400 oC. However, 669 

it is important to understand and investigate the effects of cell temperature (Tcell) on triple-670 

junction electrical performance parameters (Araki et al., 2002; Zhangbo et al., 2009). 671 

The maximum operating temperature of the solar cell is 125 oC (Steiner et al., 2011). 672 

Publication of experimental data given by Sharp solar cell manufacturing company has shown 673 

that multi-junction cell can operate up to 120 oC ( Theristis et al., 2016). It is worth mentioning 674 

that HCPV systems are designed to operate at a temperature usually below 80 °C, for safe and 675 

long-time operating and to ensure adequate cell lifetime (Gualdi et al., 2013). The risk 676 

associated with higher cell temperature is cell performance degradation, which will also result 677 

in failure or deformation.        678 

The temperature rise has a big influence on the electrical parameters of the short circuit current 679 

density(Jsc), open circuit voltage (Voc), fill factor (FF), and the efficiency (η) of single and 680 

multi-junction solar cells. From the experimental and theoretical analysis already published, 681 

the temperature rise affects the energy bandgap of the cell, which can cause sensitivity to all 682 

these parameters. For this reason, the temperature assessment is a complicated problem. 683 

 684 



28 

 

The effects of temperature happen at all levels of the CPV system: optics; solar cell; receiver; 685 

module, etc. and must be predicted in order to decrease, as much as possible, their negative 686 

influence on the energy output of the system (García et al., 2016) (Essam M. Abo-Zahhada 687 

,2020).   688 

The high concentrations attained in the HCPV lead to the production of high quantities of waste 689 

heat, which requires extraction from the cell’s assembly. This high temperature, in turn, will 690 

have a negative impact on the performance of photovoltaic cells and the receiver. Therefore, 691 

for this reason, it is always recommended to keep the CPV cells in a range of operating 692 

temperature between 50 °C and 80 °C (Micheli, 2015).  693 

A cell’s material structure and design create limitations, which will affect heat transfer 694 

capabilities, and therefore the performance in the receiver. Tmax can be further reduced by using 695 

a system with frequent thermal cycling, thereby increasing the longevity of the system, 696 

assuming Tmax is maintained below 80 °C (Espinet-González et al., 2013).  697 

Muller et al. presented thermal transient measurements, where the module is tested when 698 

covered and uncovered, based on the temperature coefficient according to the heating and 699 

natural cooling of the CPV module. The measurement of Voc from the cells was used to 700 

determine the cell operating temperature, so the advantage of this measurement technique has 701 

a very quick response (Muller et al., 2015). 702 

Fig.14. shows an example of a module, which is tracking the sun, before and after uncovering. 703 

However, this method had disadvantages: measurements have to be very quick and it has to be 704 

applied independently to every concentrating photovoltaic module’s technology (Muller et al., 705 

2011; Muller et al., 2015). 706 

Moreover, it recommends repeating the experiment many times in order to decrease the 707 

uncertainty when assessing the temperature coefficients. However, the above-mentioned 708 

approaches for the solar cell’s operating temperature predictions need some measurement of 709 

electrical parameters or temperature. The approaches to estimating the Tcell is based on the 710 

atmospheric parameters.                                          711 

  712 
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 713 

 714 
Fig.14. Thermal transient measuring data and the calculated cell temperature are showing 715 
the CPV module (Muller et al., 2015).   716 

 717 

Fernández et al. presented an Artificial Neural Networks (ANN) technique to estimate the cell 718 

temperature by utilising atmospheric parameters. The Artificial Neural Networks utilised the 719 

Levenberg-Markquard algorithm thus, like other approaches, the cell temperature was 720 

calculated as a function of Tamb and DNI (Fernández et al., 2014a). 721 

Fernández et al. deduced that the methods based on the measurements of the HCPV module 722 

(such as open circuit voltage or heat sink temperature), gives better results. This approach 723 

enables scientists to estimate the cell temperature under real conditions, and electrical energy 724 

yield (Almonacid et al., 2017; Fernández et al., 2014a). 725 

Fernández et al. have proposed another method for estimating cell temperature of an HCPV 726 

module at the maximum power point and under real operating conditions. The suggested 727 

method determines the cell temperature of an HCPV module from its generated power, using 728 

the thermal resistance of the module. The predicted results are compared with measured and 729 

the correlation coefficient is 0.99 (Fernández et al., 2014b).  730 

Renno and Petito have proposed a model called a “Random Forest” (RF), a technique which is 731 

used for the temperature analysis of triple-junction solar cell performance (Renno and Petito, 732 

2018). The RF is a comprehensive learning model commonly used, which attempts to establish 733 

a general model from the database are established (Breiman, 2001). Normally, the ensemble-734 

learning model attempts to create a group of models and afterwards merge them together. 735 



30 

 

Consequently, they have better performance, especially when dealing with difficult non-linear 736 

problems. Specifically, the (RF) model merges several decision trees by using an algorithm 737 

called bagging. Many ensemble strategies attempt to attain the variety of bases to have better 738 

estimated results (Lin et al., 2017).  739 

Experimental study of CPV systems has been performed on two sizes of solar cells, 5.5 x 5.5 740 

mm2 and 1x1cm2. Therefore, the cell temperature of the two cells has been determined in 741 

different operating conditions, and the higher temperatures gained was with the larger cell 742 

(reaching about 90 °C) (Renno and Petito, 2018).  743 

Fig.15 shows results of a good fit between the predicted RF model and measured values, 744 

particularly taking into account the high number of measurements in different conditions. A 745 

regression fit between the measured and RF model was (R2 = 0.95). Fig.16 shows a predicted 746 

ANN model and measured cell temperature of the triple-junction cell, as plotted by the scatter. 747 

Observing the means of the illustrated scatter plots, it has been noted that there is a high 748 

difference between the estimates as highlighted. There was a dispersion between measured 749 

points and the predicted model, the regression was R2 = 0.75. The RF technique, statistically, 750 

shows the higher accuracy in the prediction as the different error measurements have been 751 

estimated  (Renno and Petito, 2018).  752 

 753 

Fig.15. Predicted and measured cell temperature for triple-junction by using the RF models 754 
of cell 1 x1cm2 (Renno and Petito, 2018). 755 
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 756 

Fig.16. Predicted and measured cell temperature for the triple-junction by using the cell 757 
model, ANN model of cell 1x1 cm2 (Renno and Petito, 2018).  758 

 759 
Maka and Donovan presented an iterative technique to the calculated cell temperature, 760 

variation for 20 iterations to converge on a steady-state. The convective heat transfer 761 

coefficient ≥ 2.4 KW/m2K, is needed to maintain the cell operating temperature of less than 80 762 

oC and converges after approximately 11 iterations. In addition, a convective heat transfer 763 

coefficient > 2 KW/m2K needed to keep the cell temperature below 100 oC and converge after 764 

roughly 15 iterations, as illustrated in Fig.17 (Maka and O'Donovan, 2019b). 765 

 766 
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Fig.17. Cell temperature versus to iteration as a function of convection heat transfer coefficient 767 
at constant initial cell temperature hconv from (2000-2400)W/m2K (Maka and O'Donovan, 768 
2019b). 769 
 770 

7-     Reliability Requirements                771 

 772 

Reliability can be known as a probability measurement of suitable system performance, where 773 

the system’s necessity to work without malfunction when exposed to specific operating 774 

conditions is met.  775 

Based on the risk of what might occur when the cell operates at high temperature, it is important 776 

to consider the reliability aspect in any further study. Performance degradation for long-term 777 

use of PV usually happens when solar cell temperatures increase over the limited level. 778 

Therefore, the temperature rise can moreover lead to mechanical failures like deformation on 779 

the surface of the cell and micro-cracks on the cell (Micheli, 2015).  780 

Espinet-Gonzlez1 et al. have performed experimental measurement of the Accelerated Life 781 

Tests (ALT) transformed from accelerated stress level to nominal stress level. Additionally, 782 

the failure rate of the triple-junction solar cells for a nominal operational temperature was also 783 

ascertained. Fig.18 illustrates the instantaneous failure rate of cell temperature at 80 oC 784 

presented by the solid line, and at 100 oC presented by the dashed line, versus time. Therefore, 785 

“the instantaneous failure rate functions monotonically”, and equivalently, with “the wear-out 786 

failure segment of the well-known bathtube curve” (Espinet‐González et al., 2015).  787 

                                  788 

 789 
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 790 

 791 

Fig.18. Experimental data of failure rate function of the triple-junction solar cells for a 792 

nominal operating temperature of 80 oC and 100 oC (Espinet‐González et al., 2015). 793 
   794 

Fig.19 presents the reliability function (R(t)) at a nominal operating temperature of 80 oC, in 795 

the solid line, and 100 oC in the dashed line over time. Furthermore, it shows the empirical data 796 

of “the ALT transformed from the accelerated stress level to the nominal stress level” (Espinet‐797 

González et al., 2015). Therefore, the purple points represent the temperature at 80 oC and 798 

orange points at a temperature of 100 oC via “the corresponding Acceleration Factor (AF) 799 

attained”. There was a good fit between “the reliability function extrapolated to nominal 800 

operating conditions and the transformation of the empirical points” (Espinet-González et al., 801 

2013; Espinet‐González et al., 2015).     802 

It has shown by reliability analysis, that on triple-junction solar cells at operating conditions of 803 

820x and 80 °C, the warranty time was about 113 years; while, at the operating temperature of 804 

100 °C, the warranty time was reduced to 7 years (Espinet‐González et al., 2015; Theristis and 805 

O’Donovan, 2015).   806 

 807 
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 808 

Fig.19. The reliability over time for a nominal operating temperature of 80 oC and 100 oC 809 

(Espinet‐González et al., 2015).   810 
 811 
 812 
 Renno et al. performed measurement analysis of triple-junction solar cells at 310x, where the 813 

cell has been stressed via the accelerated aging method of approximately 500 hours operating 814 

hours without applying any cooling. Thus, the adverse effect of overheating on the cell began 815 

to degrade the performance parameters. Consequently, it deduced that the cooling process is 816 

mandatory for the integrity of the cell, and to improve cost-effectiveness (Renno et al., 2018). 817 

A study by García et al. (García et al., 2016) Finite Element Method (FEM) to estimate the 818 

maximum solar cell temperature for CR=1000X as a function of cell size; also, the thicknesses, 819 

and the materials thermal conductivities, are also considered. The area of the substrate is 820 

proportional to the area of the solar cell. The surface of the back substrate is supposed to be 821 

thermally connected to the dissipator that releases the heat to the atmosphere by convection 822 

(García et al., 2016). Fig.20 depicts a simulation of two equivalent cases of a 1x1 mm solar 823 

cell. A case layer, 75 μm thick, of alumina-filled epoxy was added underneath the solar cell. 824 

This case cell is directly soldered to the copper plate (García et al., 2016).  825 
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 826 

Fig.20. Estimations of maximum cell temperature at 1000x, as a function of cell size (García 827 
et al., 2016).   828 
 829 

When the copper thickness reduces on the receiver before the ideal design point the thermal 830 

dissipator capability of the receiver decreases hence, the cell temperature rises. While, the 831 

thickness of copper in the receiver increases beyond the ideal design point, the thermal 832 

resistance of the receiver increases and subsequently, the cell temperature rises (Muron et al., 833 

2011).  834 

For high concentration ratios, and the corresponding decrease in cell size requires significant 835 

thermal management of the whole system. Hence, oversizing the heat sinks will lead to a rise 836 

in the system’s cost which might not be economically viable as a ratio with the extra energy 837 

produced (Fernández et al., 2017; Micheli et al., 2016).   838 

An example, as illustrated in Fig.21 explains how the cell temperature also depends on the size 839 

of the cell; thus, the larger the cell size, the greater the heat produced. Consequently, CPV 840 

systems are typically coupled to a thermal management mechanism to maintain the cell 841 

operating temperature in the safe region, in order to avoid damage to the solar cell, and 842 

additionally, to decrease the temperature differences between the cells in module and across 843 

single cells (Espinet‐González et al., 2015; Fernández et al., 2017).     844 

       845 
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 846 

Fig.21. Cell temperature of the two different cell sizes, based on different values of 847 
concentration ratio (Fernández et al., 2017).  848 
  849 

    850 

8- An overview on performance analysis of CPV receiver         851 

Based on the aforementioned narrative of concerns, which make a concentrating photovoltaic 852 

system more complex, there are many opportunities and prospects for the development for CPV 853 

technologies, in particular with respect to the performance analysis and estimation of energy 854 

yield. Therefore, for better understanding, this potential ought to use precise modelling tools, 855 

to analyse and decreases uncertainty in the modelling results. The significance of critical 856 

analysis of a CPV receiver is to draw insight into this work modelling framework. Table-1 857 

listed details reviews of CPV performance characterisation from the literature.  858 

The performance characterisation is also an important development of any CPV plant 859 

operation. Knowledge of the matters associated with the CPV technology, and which are 860 

highlighted through the characterisation manner, leads the development of appropriate 861 

management plans, and hence one can develop models which guarantee a high quality, reliable, 862 

electrical power system. 863 
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Table -1 Summary of performance characterisation of CPV.   

   
Authors Methods  Concentration 

ratio 

Results and remarks  

 

Solar cells 

architectures 

(Ghani et 

al., 

2017).      

Numerical 

prediction of 

lumped parameters 

by using Newton-

Raphson methods. 

This method 

presented 

predictions of five 

parameter 

characterisations of 

triple-junction solar 

cells. 

700x • Outdoor experimental data of environmental conditions are used for characterising the 

parameters of the proposed method and to generate J-V curves by use of a single diode. 

• It deduced that a suggested method accurately modelled the behaviour of the 

photovoltaic triple-junction device and characterised the values of produced 

parameters. 

• The suggested work limitation is the need for a good start approximations to initiate 

the numerical solution result process. So, this matter was alleviated by utilising simple 

analytical equations in order to estimate the five characterisation parameters. 

GaInP/GaInAs/Ge 

(Rodrigo 

et al., 

2018).  

Two months of the 

outdoor 

experimental 

campaign.  

700x. • It estimated the temperature coefficient of an open-circuit voltage and the internal 

thermal resistance of HCPV models. 

• The proposed procedure can help the electrical and thermal characterisation of HCPV 

modules by outdoor measurements without the necessity of stripping the module. 

• The estimated values have been analysed and show a high acceptance level of accuracy 

while characterising the inside cell temperature of the HCPV module. 

GaInP/GaInAs/Ge 

(Almonac

id et al., 

2018). 

Modelling using an 

artificial neural 

network (ANN). 

1x  • Atmospheric parameters are undertaken for the electrical characterisation of triple-

junction cells. 

• The model results in illustrations of a high quality of the assessment of spectral 

performance on the MJ solar cells by the approximation of the Spectral Mismatch Ratio 

SMR indexes. 

• The limitation of the models is dedicated to approximating the SMR which is 

associated with the difficulty of gaining a high-quality data of water vapour and 

aerosols. 

GaInP/GaInAs/Ge 
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(Theristis 

et al., 

2017a).  

 

Outdoor test of 

CPV monomodule 

solar cell for the 

three selected days. 

1090× 

 
• Based on the spectral changes monomodule cell is electrically characterised. 

• Analysed the diurnal performance of electrical characteristics and monomodule 

temperature as a function of spectral, irradiance and ambient temperatures. 

• It highlighted on the influence of the atmospheric parameters on the cell performance 

of concentrating photovoltaics. 

    _ 

(Renno et 

al., 

2017).  

Experimentally 

evaluation of a 

triple-Junction solar 

cell by using a 

point-focus. 

 310x. • It reported the energy production with different concentration ratios, by considering 

eight hours a day with different irradiance conditions and electrical energy. 

• Measured both the solar cell and environment temperatures in order to evaluate the 

possible. 

InGaP/ GaAs/Ge 

(Wang et 

al., 

2013).  

 

 

Both outdoor 

experimental test 

and a mathematical 

model of triple-

junction solar cell 

electrical 

characteristics. 

100 – 200x 

 
• Characterised the performance of a triple-junction solar cell; also proposed to apply a 

secondary concentrator to enhance the performance of the photovoltaic system. 

• The outdoor experiments show that the two main influencing factors on the 

performance of the solar cell are the solar cell temperature and the direct solar 

radiation. 

InGaP/ GaAs/Ge 

(Xu et al., 

2015).     

 

 

The outdoor test 

carried out to 

investigate real 

performance, based 

on the point-focus 

Fresnel lens.  

1090x • The analysis displays that direct irradiance is the prevailing atmospheric parameter, which 

had an effect on electrical performance.  

• The study is performed for both thermal and electrical performance, also a model made to 

estimate the cell temperature at operating conditions. 

InGaP/GaAs/Ge 

(Gupta et 

al., 2018).  

Numerical 

modelling by using 

a finite element 

method. 

12x • The numerical model used for a topology optimisation strategy; it is suggested to 

design an efficient metallization manner for solar cells under non-uniform illumination 

and temperature conditions. 

• The study showed that a contact resistance can substantially affect the cell the 

performance. 

     _ 
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(Sweet et 

al., 

2018).   

 

Numerical 

modelling of hybrid 

CPV cell-

thermoelectric 

module and 

experimental of 

electrical J–V 

characteristics.  

300 – 500x • The hybrid receivers of III-V concentrator photovoltaic cells been theoretically 

investigated the electrical and thermal behaviour. 

• By combining the primary and secondary optical intensity, to obtain a coefficient as 

high as 0.92.  

GaInP/GaInAs/Ge 

(Maka 

and 

O'Donov

an, 

2019a).  

Thermal-electrical  

model by using a 

convergent 

iterative technique 

of Matlab and FEM 

is developed in 

COMSOL in order 

to predict the 

temperature. 

1000x • Studied on a thermal-electrical model and the results are given in J-V, PV curves 

characteristics and overall cell efficiency. 

• Thermal behaviour was studied for a range of convective heat transfer values, ambient 

temperatures and air mass. 

• The results of AM increases, the hconv values decrease because the heat power decreases. 

GaInP/GaInAs/Ge 
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In addition, the performance characterisation of the multijunction solar cells, operating for 870 

long-term reliability at high levels of concentration, ought to be characterised likewise. Fig.22 871 

shows an overview of the performance analysis of HCPV receivers. This work fundamentally 872 

has focused on the receiver assembly, where the final component of the CPV system which 873 

converts the concentrated solar light into electricity. 874 

A deeper knowledge of this predicted behaviour of a CPV cell and the impact of surrounding 875 

weather parameters on its energy performance will be highlighted via the characterisation. 876 

Nonetheless, this procedure is very complex as it’s affected by a variety of environmental 877 

conditions.  878 

The significance of a detailed analysis and precise thermal and electrical characterisation is an 879 

essential tool for improvement, optimisation and design of a CPV device. Hence, it will lead 880 

to the identification of system design issues, and in the assessment of an evaluation of the 881 

applied solutions. 882 

 883 

                          884 
Fig.22. An overview of performance analysis of high concentrating photovoltaic receiver. 885 
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9- Conclusions 886 

This review paper gives an overview of relevant studies, which have been reported in published 887 

literature. In addition, it presented the background and historical development of CPV 888 

technology. The main aspects of CPV receiver assembly and performance behaviour  have 889 

been presented.  890 

The receiver CPV is simply equipped as the compound series of PV cells in order to receive 891 

sunlight concentration. It is designed to maximise the electrical energy generated and to 892 

improve the transfer of thermal energy. Thus, the high thermal capacitance of the cell will keep 893 

the cell temperature higher. The issue of heat removal from the back of the cell in the most 894 

efficient, cheap and reliable way. An adequate thermal management system provides 895 

mechanical support of the CPV receivers. 896 

This paper investigated the performance of HCPV receiver with an overview of the 897 

performance behaviour aspect, and the need for high concentrating PV cells, to make multi-898 

junction solar cells, which operate at a very effective way and which are cost feasible.   899 

The future recommended research involves the description of the numerical model’s 900 

procedures and methods used to investigate advanced performance behaviour. Subsequently, 901 

an experimental and theoretical simulation is important to emphasise the development of the 902 

design and system performance characterisation. 903 
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