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Abstract

The effect of the cell temperature increase associated with the optic concentration is a matter requiring 

consideration. A monolithic cascade stack of three layers consisting of GaInP/GaInAs/Ge results in 

high conversion efficiency. This research presents a performance analysis of a triple-junction solar 

cell based on modelling, in order to describe and understand its operating behaviour. A numerical 

model was created to predict the performance characteristic of the solar cell at CR=1000X, which can 

then be used to optimise and enhance the cell design. The cell temperature was predicted by the 

iteration technique, and the convergent occurs at steady state. The initial cell temperature was set at 

25 oC, and the new modified cell temperature Tc2 convergence after iteration at convection heat 

transfer coefficient >2kW/m2K to keep the cell temperature below 100 oC. However, in order to 

maintain cell integrity, it is necessary to design the operating cell temperature below 80 oC. The Tc2 

convergence after iterations at convection heat transfer coefficient >2.4kW/m2K.

 
Keywords: Cell temperature convergence, Concentrating PV, Thermal modelling, Finite element 
method. 

1. Introduction

The triple-junction solar cell consists of different semiconductor materials layers of 

InGaP/InGaAs/Ge, connected in series can have absorbed a large portion of the solar spectrum. They 

are commercially available, with a conversion efficiency in excess of 40% [1, 2]. A high solar cell 

efficiency relies on high optical concentration ratios to achieve a high conversion efficiency. Based on 

this, heat flux will be generated, which results in high device temperature [3, 4].

 

For high concentrating photovoltaics, thermal management is necessary to minimise the electric 

conversion efficiency losses, to prevent thermal damage and prolong cell lifetime. The heat produced 

in the solar cells can be removed either by active or passive cooling. Moreover, optimisation of the 

assembly structure can be application specific, where both heat and electrical energy are required [5]. 

One of the methods of predicting the cell temperature under high concentrating photovoltaic by using 
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of solar cells electrical parameters such as open circuit voltage and short circuit current. Hence, in 

theory, used the single exponential model to estimate the cell temperature [6, 7]. The temperature of 

the cell has the important influence on the reliability and performance behaviour. Consequently, it is 

essential to have the adequate characterisation of HCPV solar cell [8, 9].  

The implications of cell temperature increase lead to a decrease in the materials energy band gap, 

which decreases the value of open circuit voltage Voc and the Fill Factor FF. On the other hand, the 

short current Jsc will gradually increase and the external quantum efficiency shift toward high 

wavelength light. Additional, as the cell temperature increases, the efficiency of the solar cell 

decreases rapidly. For this reason, it is important to keep the temperature at the lowest possible values 

[10, 11]. 

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

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

waste heat from the cell to the surrounding environment [12, 13]. 

Knowledge of the operating temperature of the solar cell is important to assess the energy 

performance of the high concentrating photovoltaic module. Nevertheless, measurement of the cell 

temperature in HCPV modules is a very complicated task. So, because of the specific characteristic of 

these kinds of cell/modules, it is good to develop indirect approaches to compute it [7].

 

In order to design an efficient HCPV system from an electrical conversion efficiency point of view, 

the range temperature of CPV system needed to be predicted and consequently minimised. To do so, a 

heat transfer thermal model is essential for system design, to investigate the system performance and 

temperature level [14]. P.Espinet. et al. [15] has reported that cell integrity is adequate when the cell 

temperature is reduced below safe operating limits. However, long-term degradation or reliability 

issues should be considered for an operating temperature of 80 °C instead of 100 °C. Therefore, 

further to these studies, a cell temperature of the CPV will be predicted by the iteration technique, and 

the convergence occurs at steady-state. 

This paper aims to find an optimum estimation of cell operating temperature at or below 80 oC. The 

thermal model used under CR=1000x, AM=1.5D and variety of convection heat transfer coefficient. 

The significance of this work is to describe the CPV receiver and understand it’s operating behaviour.  

Therefore, for reliability, integrity and long-term operation, it should consider operation temperature 

below that limit. The numerical thermal electrical models have been developed using a convergent 

iterative technique. Hence, convergence occurs at (Tc) steady state as summarised in section 2-2.  In 



  

addition, the Finite Element Method (FEM), using COMSOL Multiphysics® is employed to predict 

temperature distribution in the receiver assembly.

2. Methodology 

The electrical model is the corner stone of the thermal performance model. The model is consisting of 

triple-junction solar cells are connected in serious to have high efficiency. The electrical model 

parameters are described below in Section 2-1. Thermal model of receiver assembly is important to 

give an overview of performance behaviour. A thermal model was built in MATLAB® and described 

in Section 2-2. In addition, a 3D model was built in COMSOL® Multiphysics to simulate heat 

transfer physics as described in section 2-3. For a thermal steady state condition, the equation (10, 11) 

are used through COMSOL’s Live-link with MATLAB. An external MATLAB function is used to 

solve the model. As shown in the flowchart diagram in Fig. 1, the cell temperature Tc2 is estimated 

through a sequence steps. To solve the model, several steps are repeated in order to converge at steady 

state temperature, so the relative error is < 0.1%. 

Nomenclature 

Ac  Area of the cell (m2) Voc Open circuit voltage (V)
As Convective area  ( m2 )  xc Cell thickness
CR Concentration Ratio (x) Greek symbols
DNI Direct Normal Irradiance (W/m2)    Ρ Density
G Solar direct irradiance (W/m2/nm) ηc Cell efficiency
hconv Convection heat transfer coefficient (W/m2K) λ  wavelength (nm)
Jsc Short circuit current density (A/cm2) α  Material constant (eV/K)
Jo Dark current density (A) Β Material constant ( K)
kb Boltzmann constant (eV/K) βη Efficiency temperature coefficient  
m Mass of the cell (g) γ  Constant (-)
n Diode ideality factor (-) k Constant (A/(cm2K4))
Pout Amount of delivered power (W) ɛ surface emissivity
Pin Incident Power (W) σ Stefan–Boltzmann constant
Qcm heat generated due to current mismatch (W) ηopt Optical efficiency
Q Electron charge ( c) K Thermal conductivity K(W/(mK))
qheat Heat power (W) Abbreviations
Qout Heat dissipated from the cell (W) GaInP Gallium Indium Phosphide
Q Amount heat in a cell after dissipation (W) GaInAs Gallium Indium Arsenide
Rs Series resistance (Ω ) Ge Germanium
SR spectrum response (A/W  ) CPV Concentrating photovoltaic
TC1 Initial cell temperature ( oC) AM Air Mass
TC2 Final cell temperature ( oC) FEM Finite Element  Method
Tamb Ambient temperature (oC) HCPV High concentrating photovoltaic 
To Temperature at standard condition ( oC) DCB Direct copper bended

Tc Cell temperature (oC ) Al2O3 Aluminium Oxide



  

Fig. 1 Flowchart diagram of model for cell temperature convergence.

2.1. Electrical model
 
The simple electrical model of three subcells was built in MATLAB. In this model, there was a single 

cell and diode equivalent circuit. The triple-junction was comprised of multiple single-junctions 

monolithically stacked of different III-V materials. These solar cells are series connected to the 

junctions directly grown on the single substrate and terminated by two edge terminals. 

The p-n layers of multi-junction solar cells are connected in series by the high doped diodes with low-

series resistance and thickens, in order to reduce the absorption and ohmic losses [16]. Figure-2 

illustrates a specimen of the equivalent circuit of one-diode of three layers series connection solar cell 

model.



  

The electrical characterisation is different and more complicated in HCPV devices compared to other 

traditional photovoltaic. That is because of usage of multi-junction solar cells and the different 

elements in the receiver assembly [17]. 

Fig. 2 equivalent circuit of one-diode of three layers series connection solar cell model.

The short circuit current density generated in each cell is determined by the spectrum of incident light. 

Hence the current density (Jsc) can be quantified by integrating the entire range of wavelength λ1,λ2 

as expressed by (1) [18].  
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Where λ is the photon wavelength; G is spectral irradiance and ɳopt is optic efficiency. The SR is 

spectrum response, ranging from (300nm-1800nm). The total current is determined by subtracting the 

light-induced current from the diode dark current and is given by Equation (2).
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Where Rs is a series resistance, q is the electron charge; V is the voltage, short circuit density Jsc, kb is 

Boltzmann constant, n is the diode ideality factor. Because of the series connection, the overall 

current of the three layers is given by the lower current density. The band gap energy of 

semiconductor materials can be estimated by the Varshni equation (3). The Varshni empirical relation 

[19] provides the temperature dependence of semiconductor band gaps.                                        
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Where Eg(0) is the bandgap at 0 K, the index i represents the sub-cell of each layer, Tc is the cell 

temperature and α and β are material constants. The open circuit voltage (Voc) can be given by 

relationship (4).

                                                                                                               (4)
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The cell electrical efficiency (ηel) is determined by dividing the power outputs by power input as 

expressed in equation (5) [20]. Where Pout is the amount of delivered power and Pin is the quantity of 

the incident power in the solar cell. 
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2.2. Thermal model

The cell operating temperature is determined by an energy balance; thus, the solar cell absorbs energy 

photons. That energy is partly converted into electrical energy and partly converted into thermal 

energy. The thermal energy must be dissipated by heat transfer mechanisms. In order to estimate the 

cell temperature, a numerical model was written in MATLAB script, based on mathematical equations 

to solve. Firstly, by guessing the initial cell temperature (TC1).

The cell operating temperature is expressed by Eq (6) [21]. It is estimated from electrical parameters, 

with consideration of the concentration ratio and environmental temperature. 

                                                         Voc
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Where Tc* is the cell operating temperature, Tamb is the environment temperature and βVoc is the open 

circuit temperature coefficient.
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Equation (7) is used to calculate cell conversion efficiency ηc as a function of temperature. Where ηel 

is cell electric efficiency at concentration ratio, and βη is a temperature coefficient of the efficiency. 

The amount of heat power generated in the solar cell, which is transferred through the cells by the 

radiant heat transfer in the solar spectrum, is given by Eq (8) [22].

                                                                                                   (8) optccheat CRADNIq  .).1.(. 

Where qheat is the heat power generated, ηopt is the optic efficiency and CR the concentration ratio. 

Heat is dissipated by free or forced convection heat transfer by cooling technique, either passive or 

active. Therefore, based on Newton’s law of cooling, the convection loss is proportional to the 

difference in temperature between surface and fluid at force convection [23]. A free convection heat 

transfer depends on the cell mounting, wind conditions, and properties of the surrounding air surface. 

The amount of heat removed by convection is given in Eq (9). It is worth to mention that, for the 

cooling requirements the values of convection heat transfer is used.

                                                                                                                         (9)TAhQ sconvout  ..
                                                                                                                                 

Where Qout is the heat dissipated from the cell by convection, hconv is the convection heat transfer 

coefficient, and As is convection surface area. ∆T is the temperature difference between the rear 

surface and ambient air. Q is the amount of heat added to the cell after the heat dissipation; therefore, 

the cell operating temperature estimation is determined as expressed in Eq (10). 

                                                                 outheat QqQ                                                                    (10)

                                                                                                                                        

The steady-state cell temperature is obtained by an iterative process where is increased by temperature 

rise equivalent to heat generated, as expressed in Eq. (11); TC2 represents modified cell temperature, 

Cp is the heat capacity and m is the mass of the cell as given in relationship (12).
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Where X is the thickness of the cell, Ac is the cell area and ρ is the material density of the solar cell.

2.3. Finite Element thermal model

The COMSOL Multiphysics is used in this model of numerical simulator software to iteratively solve 

partial differential equations [24].  This receiver assembly consists of the solar cell interconnection at 

the rear side with a substrate of carrier DCB Direct Copper Banded. The DCB made of copper/Al2O3 

ceramic/copper and the silver using the electrical linking. 

The selection of aluminium material was because of its good balance between thermal performances, 

weight, and costs [25]. These materials had high thermal management and thermal conductivity to 

dissipate the heat. Table1. summarised materials thermophysical properties. The concentrating 

photovoltaic CPV receivers are designed to produce as much as possible of the electrical energy. 

Also, to improve the shift of thermal energy and to secure sufficient technical support.

Fig-3 illustrates the main receiver assembly configuration and boundary condition. The boundary 

condition is applied to the model geometry of the receiver assembly. Heat transfer in the solid state is 

the physics which has been chosen for this study. Table 2. lists all boundary conditions and 

assumptions. The heat dissipated by conduction through the receiver of the solid component is given 

by Fourier’s law (13).

                                                           TKqcon                                                                         (13)

                                                                                                                                 

Where K is thermal conductivity, and qcon is conduction cooling. The heat dissipated by convection is 

expressed by equation (14), which is known as Newton’s law of cooling.

                                                                TAhq sconvconv  ..                                                             (14)

                                                                                                                                        

The heat lost by radiation which transfers heat by electromagnetism to the environment is expressed 

by (15).

                                                ).(. 44
ambcrad TTq                                                                      (15)

                                                                                                                 

Where ɛ is the surface emissivity, and σ is the Stefan–Boltzmann constant.



  

                                      
                                       Fig.3 receiver structure and boundary condition.

           Table 1. Materials thermophysical properties. 
                                               

Material Cp (J/(kg K)) K(W/(mK)) ɛ ρ (kg/m3)

GaInP 370 73 0.04 4470

GaInAs 550 65 0.4 5316

Ge 320 60 0.9 5325

Copper 385 400 0.05 8700

Aluminuim ceramics (Al2O3) 900 30 0.75 3900

Silver 325 430 0.03 10.490

  



  

                            Table 2. lists of boundary conditions. 

No The boundary conditions

1 Cell heat source (heat flux), Eq (8).

2 Back plate hconv = (2000 - 2400 W/m2)

3 Natural convection of all free surface.

4 Ambient temperature =25 oC.

5 Surface radiation

3. Results and discussions

It is important to predict the cell temperature rises in high concentration PV because the cell 

performance depends on its temperature. Therefore, it is necessary to predict cell temperature for 

improving the design or assessing operating performance.

3.1. Meshing convergence

The simulation was carried out using (GMRES) Generalised Minimum Residual, which is an iterative 

solver for general linear systems. An iterative method is different from the direct method as this 

solution obtained gradually, instead of one large, computational step.

While solving a problem with an iterative approach, the error estimate in the solution decreases with 

the increase in the number of iterations [26]. A balance between model accuracy and computational 

time needs to be find it is therefore necessary to the selection of optimum mesh sizes. While 

increasing mesh density the number of mesh elements increases, as shown in Fig. 4, for different 

mesh simulation type. 

The selection of a fine mesh can enhance the simulation accuracy, but that increases the time of 

simulation and the device memory used. Conversely, a coarse mesh can reduce the time of the 

simulation and shorten the memory device used. However, it’s a necessity to determine the optimum 

mesh size that guarantees the simulation accuracy throughout a mesh convergence analysis. The 

optimum geometry mesh is a normal size, free triangle type as shown in Fig. 5. The domain contains 

92300 elements of normal size mesh. Table 3. summarises the mesh stability and number of elements.  



  

    Table 3. detailed mesh optimised data

Mesh type Exert coarse Coarser Coarse Normal Fine Finer Exert fine

Number of elements 20693 30868 52068 92300 160488 307384 586036

TCell (oC) 79.1 79.45 97.7 80.1 80.1 80.1 80.1

Extra Coarser Coarser Coarse Normal fine finer  Extra fine
76.0

76.5

77.0

77.5

78.0

78.5

79.0

79.5

80.0

80.5

T ce
ll (o C

)

Mesh type
                                
                                 Fig. 4 mesh stability of cell temperature at different mesh type. 

                         



  

  

   

Fig 5. Receiver assembly of triangle normal size mesh (a) 3D mesh and (b) 2D mesh and solar cell 
mesh.

  3.2. Convergence analysis

 
The energy balance of the solar cell per unit area is equivalent to incident solar irradiance, less the 

electrical power and power dissipated as heat to the atmosphere. The heat in a solar cell can be either 

absorbed to increase the cell temperature or released by a radiation or convection heat transfer 

mechanism. Theoretically, a low normal thermal resistance and high lateral heat spreading of the 

carrier is the best way for receiver thermal management [27, 28].  

(b)

(a)



  

A triple junction solar cell assembly is composed of multiple-layers of material solar cells. In the 

thermal modelling usually considered as a single layer and modelling the bottom, subcell (Ge) 

Germanium. That is because of the thickness of the top and the middle cell which are only is few 

micrometres thick, The Ge substrate has the greatest thickness of the subcells  [27].

Forcing the cells, by short circuit current (Jsc) through the electrical circuit results ohm losses or so-

called “Joule losses” which would influence the maximum temperature. L. Micheli et al.[12, 29] 

found there are no impacts of Joule losses in terms of maximum temperature in triple-junction cells. 

For this reason, the Joule losses are negligible and not to be taken into account in the next thermal 

model.

The receiver configuration set at the bottom convective area is about 5.13x10-4 m2 and solar cell area 

of 1cm2. The numerical modelling performed of stationery model study through live-link MATLAB 

with COMSOL Multiphysics software.

 

The cell temperature estimated from the model iterates to reach a steady state condition, or stagnation 

temperature. The technique is applied to solve the model of cell temperature; this shows convergence 

after iterations. The convection heat transfer coefficient was varied, and the results were for an initial 

cell temperature of 25 oC. The cell temperature stabilises in point when the generated heat is 

equivalent to the heat dissipated by the cooling mechanism. This particular condition, when the cell 

reached called operating steady conditions.

  
Fig.6 temperature distributions on CPV receiver and converges cell temperature at hconv ≥ 2000 
W/m2K to keep cell temperature at or below 100 oC.



  

Fig. 6 illustrates the temperature distribution on the receiver through a stationary study model. The 

colour scale on the right represents the temperatures distribution on the receiver. The results show 

model convergence, and the highest temperature is 99.6 oC at the cell. The lower temperature at the 

edge of the receiver is the area that is not under concentrated light. For the cooling requirements of the 

solar receiver value of hconv ≥ 2000 W/m2K, needed to keep cell temperature at or below 100 oC and 

Tamb =25 oC. 

Fig.7 illustrates the calculated cell temperature Tc2 variations for 20 iterates to converge on a steady 

state. The convective heat transfer coefficient ≥ 2.4 KW/m2K is needed to maintain a cell operating 

temperature of less than 80 oC, and converges after approximately 11 iterations. In addition, a 

convective heat transfer coefficient >2 KW/m2K is needed to keep the cell temperature below 100 oC, 

and converge after roughly15 iterations.

Fig.8 shows the cell temperature variation and convergence after 20 iterations, for different initial cell 

temperature scenarios. For the cooling requirements a convective heat transfer coefficient of 

2400W/m2K, was applied for all scenarios; all these converge comes the same steady-state 

temperature as initial Tc1 changes. The initial Tc1 nearest to 80 oC converges after the fewest iterations.

Fig. 9 Shows the temperature distribution on the receiver for hconv ≥ 2400 W/m2K and ambient 

temperature = 25 oC. To keep the cell operating temperature at or below 80 oC, a convection heat 

transfer coefficient ≥ 2400 KW/m2K is needed. The highest cell temperature is at the centre of the 

cell, and decreases as it moves towards the receiver edge. The convergence occurs after 8 iterations.



  

Fig. 7 Cell temperature versus iteration as a function of hconv from (2000- 2400) W/m2K at a constant 
initial cell temperature.

Fig. 8 Cell temperature Tc2 versus cycle iteration at different initial cell temperatures Tc1 at constant 
hconv =2400 W/m2K. 

 



  

 

Fig.9 temperature distributions on CPV receiver, and cell temperature convergence at hconv ≥ 2400 
W/m2K to keep the cell operating temperature at or below 80 oC.

The thermal performance of the concentrating photovoltaic receiver can be represented and modelled 

via the thermal equivalent circuit. Thus, the temperature and heat flow acts in the same technique as 

voltage and current preform in the electrical circuits. In addition, the resistors are correspondent to an 

ohmic resistor. The simple equivalent scheme of the main mechanism of heat extraction in CPV 

receiver is represented in Fig. 10 [30]. It is worth to mention that, figure 10 here used only for 

illustrative purposes and no quantitative measures for the thermal resistances shown will be 

calculated.



  

                     Fig.10 simple equivalent circuit of the thermal behaviour of a CPV receiver [30]. 

The only portion of the entire incident energy flux inc, which concentrated on the surface of the solar 𝑞 

cell, is converted into the electricity ele. Although, the rest of the energy inc - ele should be 𝑞 𝑞 𝑞 

dissipated to the environment. The heat flow is transfer initially by conduction, then by convection 

and lastly by radiation subsequently lead to the steady-state condition:

                                                                                                 (16)
.....

radconvcondeleinc qqqqq 

In order to enable the heat to be removed to the environment, the heat stream moves from the solar 

cell at particular temperature Tcell to the module back wall at temperature Twall. The heat transfer 

technique is conduction and it is efficiency can quantify by the thermal conductivities of the materials 

under the solar cell and the thickness [30, 31]. It is worth to mention during utilising of corresponding 

thermal circuits, the amount of the radiation thermal resistor Rth,rad is much greater than the value of 

the convection resistor Rth,conv.. Subsequently, the first one is deemed infinite and just Rth,conv is 

considered in the computation [27]. The design of the solar receiver for high concentrating 

photovoltaics must have a lower thermal resistance of the materials at the back of the solar cells [32, 

33].

 3.3. Verification 

The steady-state cell temperature has verified the numerical FEM model with another model which 

calibrated with experimental work performed by Muron et al.[34]. The simulation results are 

compared with their numerical model which is consistent, and in good agreement with their 

experimental results. Fig.11 (b) shows the current study cell convergent temperature is 80.1 oC on the 



  

solar cell. Fig.11 (a) shows the model results by Muron et al., cell, the deviation between the two 

models is 0.12%, also the temperature pattern is dense on the cell centre for both models. The 

condition is for concentration ratio of 1000X and receiver structure of a triple-junction solar cell stack 

on the substrate of copper/aluminium/copper. 

Fig.11 plot of thermal receiver assembly results, (a) FEM model done by Muron et al. [34], (b) 

Current study model.

4. Conclusions

The thermal behaviour of the triple-junction solar cell due to temperature rise has been discussed. The 

temperature rise causes a significant decrease in bandgap materials, which in turn causes a slight 

increase in current density and decrease in open circuit voltage. In these models, a mathematical 

formulation of thermal and electrical was performed, the technique based on steady state by iterative 

simulation. To achieve an operating cell temperature at or less than 80 oC, the cooling requirements 
needs a convection heat transfer coefficient ≥ 2.4kW/m2K, under 1000X concentrating ratio. The 3D 

FEM model of CPV receiver gives a good understanding of performance behaviour, through the 

pattern of temperature distribution profile on the receiver temperature.

Mesh convergence is also performed to enhance the simulation accuracy. As depicted, the solar cell 

thermal behaviour changes significantly with the convection heat transfer coefficient. In addition, the 

amount of heat transfer from solar receiver must be maximised, in order to operate the cells safely at 

the lowest possible temperature.
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Highlights

 A complex numerical modelling technique has been established to accurately predict the cell 

temperature and thermal load on a High Concentration Multi-Junction Photovoltaic Cell.

 It has been established that a heat transfer coefficient of at least 2.4kW/m2K is required to keep 

a multi-junction cell below a safe operating temperature of 80oC, for a concentration ratio of 

1000x.
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Highlights

 A complex numerical modelling technique has been established to accurately predict the cell 
temperature and thermal load on a High Concentration Multi-Junction Photovoltaic Cell.

 It has been established that a heat transfer coefficient of at least 2.4 kW/m2K is required to 
keep a multi-junction cell below a safe operating temperature of 80oC, for a concentration 
ratio of 1000x.
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