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Abstract

This paper presents the effects of Air Mass (4M) on solar cell performance. This atmospheric parameter has a
strong influence on the behaviour of high concentrating photovoltaic solar cells. As air mass increases, the
Direct Normal Irradiance (DNI) decreases and resulting cell temperature (7;,) decrease. The objective of this
work is to assess the effects of air mass (AM =1-10D) on triple-Junction solar cells. A thermal model using a
convergent iterative technique has been developed; the predicted convergent cell temperature is < 80°C for the
range of parameters tested. The rate of heat loss by convective heat transfer from the cell is also considered for
air mass values AM =1.5, 4 and 8D. A Finite Element Method (FEM) model is developed in COMSOL
Multiphysics in order to predict the temperature distribution on PV cells and the thermal behaviour of the
receiver assembly. The proportion of the absorbed radiation not converted to electricity is converted to heat;
also, heat from potential current mismatch resulting in an increase in cell temperature is taken into account. As
the air mass increases, results show that the spectral attenuation has a significant effect on the thermal and
electrical conversion efficiency of triple-junction solar cells. In addition, spectral change is one of the causes of
the current mismatch in triple-junction cells. Thus, cell parameters such as short current density (J;.), efficiency

and output power are affected:

Keywords: thermal response, air mass, triple-junction cells, convergent cell temperature, concentrating
Photovoltaic.

1. Introduction

The third generation of photovoltaic solar cells are made from layers of III-V semiconductor materials stacked
on top of each other. Each layer has a different bandgap, and therefore the cell can yield high efficiencies by
exploiting a wide range of the solar spectrum [1, 2]. III-V multi-junction solar cells are still very expensive for
terrestrial applications, although, the use of inexpensive optical concentrators can reduce the cells’ area and
decrease the overall system cost [3, 4]. The performance of HCPV (High Concentration photovoltaics) strongly
relies on the internal behaviour of the solar cells, hence, the performance parameter of DNI, AM etc. have
significant influence [5]. The Air mass (4M) varies throughout the day, resulting in significant changes in the

spectral distribution and DN/ on the Earth’s surface [6].

The solar spectrum is influenced by atmospheric parameters such as clouds, aerosol and perceptible water
vapour, but the main factor that affects the solar spectrum is air mass [7]. Subsequently, this affects the multi-

junction solar cell’s performance. Increases in air mass weakens the solar irradiance over the entire short-wave
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spectrum; the relative weakening is greater in the spectral region of the top junction subcell [8]. The increase of

AM leads to significant deformation of the solar spectrum comprising global sunshine [9].

For multi-junction cells, there are two major issues, which comes from spectral mismatch between the
conversion response and the solar spectrum. Firstly, the mismatch leads to the heat generation when the energy
photon absorption higher than the energy bandgap. Second issue occurs from that lower photons energy those

lower than energy band gaps, thus the photons are not absorbed to be converted to electricity [10].

Senthilarasu et al. [11] investigated the influence of AM variation from 1-10D on the spectral irradiance.
Because of the growth in attenuation of solar irradiance and distribution of photons density, different 4M values
tend to lower the performance of the solar cell. Reduced performance is visible for Perovskite solar cells for
increasing AM because of the weakening of solar irradiance and distribution of photo density. Overall, higher
AM can lead to a photon distribution shift into short wavelength light regions, which affects the solar cell's
conversion efficiency. Broderick et al. [12] performed a comparative study of tandem junction and spectral
splitting for a parallel junction. The SPCTRAL2 model was used in the calculation for one year, under a
concentration of 500x. The comparative modelling study concluded that the daily and yearly mean efficiency of

the parallel junction is higher than that of the tandem cell.

Cell temperature under high concentration can be estimated using V. and J, parameter measurements. It has
been established that the performance of multi-junction solar cells is heavily dependent on cell temperature [13].
Hence, it can be utilised for outdoor investigations of a CPV employed under natural sunlight to calculate the
average cell temperature [14]. Theristiset al. [15] investigated the sensitivity of concentrating triple-junction
solar cells to the solar spectral. In their numerical study, the effects of solar spectrum distribution change, due to
atmospheric parameters such as aerosol optical depth, perceptible water and air mass were reported. In addition,
case studies performed on four locations in the US, Typical Meteorological Year (TMY3) were used to calibrate
the thermal and electrical performance of a III-V cell at 500x. Further to this study, the current research will
predict the thermal response of a cell for a range of convective transfer coefficients to maintain a cell

temperature of < 80 °C; and a range of air mass values AM of =1.5, 4 and 8D.

Cell and module temperatures in HCPV are affected by atmospheric parameters such as wind speed, air
temperature and DN/ [16, 17]. Consequently, many scholars followed different methods to estimate the cell
temperature. Theristis and O’Donovan [18, 19] have reported that in concentrating photovoltaic systems, the
cooling requirements should be designed for air mass values less than 4M1.5D. The prediction of the heat
transfer coefficient required from the rear of the cell to the ambient environment temperature is required to

design an assembly that maintains safe and efficient operation.

For high concentrating photovoltaics, thermal management is essential to minimise electric conversion
efficiency losses, to prevent thermal damage, and to prolong the cell’s lifetime. The heat generated in the solar
cells can be removed by either active or passive cooling. Furthermore, optimisation of the assembly
configuration can be application specific, where both heat and electrical energy are required. There are several
techniques available to passively cool solar cells, such as heat sinks and heat spreaders etc. [20]. High

concentrating photovoltaic system required appropriate cooling to maintain an operating temperatures at or



below 80 °C [21, 22]. Long-term exposure of solar cells to high optical concentration level without sufficient

cooling can lead to higher temperatures which will in turn decreases the lifetime of the cells [23].

In this work, the thermal performance response is predicted for cell temperatures at a concentration ratio of
1000x, based on a thermal model at different atmospheric parameters of 4AM (1.5, 4, 8D). Espinet-Gonzalez et al
[23] have reported that it is necessary to reduce the cell temperature below safe operating limits for cell
integrity. However, long-term degradation or reliability concerns should consider an operating temperature of
80°C instead of 100°C. To do so, in the study we used a spectrum irradiance model SMARTS2 to simulate
different AM (1, 1.5, 4, 6, 8 and 10D). The spectrum irradiance is integrated across the entire range of
wavelengths for different AM values. Furthermore, a performance assessment of their effects on the solar cell is
considered by plotting J-V and PV characteristic curves for electrical parameters such as cell power density and
efficiency. The current study differs from available studies by reporting on the thermal performance response of
the cell subject for a range of AM values (1.5, 4 and 8D) at different environment temperature (25 to 45 °C) for a
range of convective heat transfer coefficients. The numerical thermal-electrical model has been developed using
a convergent iterative technique to determine the steady-state temperature of the cell. A Finite Element Method
(FEM), using COMSOL Multiphysics is employed to predict the cell temperature and the temperature

distribution of the receiver assembly.



Nomenclature

A, Area of the cell (m?) X Cell thickness

A Convective area (m?)

CR  Concentration Ratio (x) Greek symbols

DNI  Direct Normal Irradiance (W/m?) P Density

E, Energy band gap (eV) Ne Cell efficiency

G Solar direct irradiance (W/m?/nm) A wavelength (nm)

heony  Convection heat transfer coefficient (W/m?K)  « Material constant (eV/K)

Jye Short circuit current density (A/cm?) B Material constant ( K)

Jo Dark current density (A) B Efficiency temperature coefficient

ke Boltzmann constant (eV/K) Y Materials constant (-)

m Mass of the cell (g) K Materials constant (A/cm?K*)

n Diode ideality factor (-) € surface emissivity

P,  Amount of delivered power (W) o Stefan—Boltzmann constant

Pin Incident Power (W) Nont Optical efficiency

Qcm  heat generated due to current mismatch (W) k Thermal conductivity K(W/(mK))

q Electron charge ( ¢) Abbreviations

Qneat  Heat power (W) GalnP Gallium Indium Phosphide

Qo Heat dissipated from the cell (W) GalnAs Gallium Indium Arsenide

0 Amount heat in cell after dissipation (W) Ge Germanium

R Series resistance () AM Air Mass

SR spectrum response (A/W ) FEM Finite Element Method

Tcy  Initial cell temperature (°C) SMART?2 Simple model of Atmospheric

Radiative Transfer version 2

Tc,  Final cell temperature ( °C) FF Fill Factor

T.mw  Ambient temperature (°C) HCPV High Concentrating Photovoltaic

T, Temperature at standard condition ( °C) DBC Direct Bend Cupper

Tc Cell temperature (°C ) Al,O5 Aluminium Oxide

Voe  Open circuit voltage (V) EQE External Quantum Efficiency
CPV Concentrating photovoltaic

2. Methodology

The modelling approach is summarised in the flow diagram in Figure-1. Direct spectral irradiance is calculated
using version2 SMARTS (Simple Model of Atmospheric Radiative Transfer of Sunshine) model for different
AM values [24, 25]. The SMARTS2 takes the spectrum of an ASTM 173-G as an input and calculates the solar
spectrum distribution for Air Mass values ranging from AM =1-10D. By integrating the solar irradiance over the
range of wavelengths the magnitude of the DNI can be calculates as a function of AM, and therefore the zenith

angle.

An electrical model of a GalnP/GalnAs/Ge triple-junction solar cell was developed to evaluate the solar cell
performance according to the changes in spectral irradiance. The performance of the solar cell was characterised
by J-V curves. A current mismatch occurred between subcells where there was spectral weakness; the current

limitation is variable, based on the values of AM.



To predict cell temperature as a function of 4M values, a thermal model was developed in MATLAB. The heat
power is generated from the solar power not converted to electricity and current mismatch due to current
limitation. The ambient temperature is considered in the prediction of the cell operating temperature for a range
of hon- Additionally, a steady state thermal model was developed using a Finite Element Method (FEM) in

COMSOL Multiphysics software, in order to predict cell and receiver assembly temperature distribution.

model by using
Calculate cell temperature Tc2 by SMARTS2

use Eg (22), Apply boundary
condition and initial condition to
COMSOL by live link with
Matlab to solve the thermal model

Generate spectral Create electrical
model of 3-T cells

Integrate DNT versus —
Performance characterisation

different AM as a function
of zenith angle (z). | of solar cell through J-F
curve, current limitation, P-V

No curve and Efficiency.

Convergence 7 -
Estimate the energy

absorb and losses as

Yes heat on each cell
Parametric sweep study for o
Hoomm: = 2200-3000 W/m?K and Guess the initial cell temperature Te1=25°C
Tos= 25-45 =C
l Calculate nec

Calculate heat-input and heat-out to the solar cells
. gheat ., Qout, Q, by Appling in the Eqs (18,19,20)

Fig.1 Flow diagram of process and the steps of the proposed modelling.

3. Models description
3.1.Spectrum model

The direct spectral irradiance has been generated from the SMARTS2 model. The integration of the spectral
irradiance at a specific air mass gives the irradiance intensity as a function of the zenith angle (z). Other
parameters were kept constant at the reference conditions of the standard ASTM G173-03 (Gueymard and
Myers) [26]. The design of the multi-junction solar cell needs an accurate prediction of solar incident spectral
irradiance on the model concentrator. For this application of the module, in a dry climate, the SMARTS2 model

is considered a suitable tool to predict the spectral irradiance [24, 27].



3.2.Electric model of (GalnP/GalnAs/Ge)

A solar cell is, in principle, a semiconductor material; based on p-n junctions it is designed to generate current
from the absorption of light energy photons. A simple electrical model of three monolithically stacked layers or
sub-cells was created in MATLAB. The subcells were connected in series, with multiple single-junctions of
semiconductor materials III-V, single cells and diodes. Usually, the solar cell performance is characterised by J-
V curves. The short circuit current density generated in each subcell is determined by the incident light spectrum
by considering an incident irradiance with spectrum response for certain wavelengths. Moreover, the integration

across the entire range of wavelengths of the subcells areas are considered and given in equation (1) [28].
A2
1
Sy = _'-G(A)'SR(A)-U(W dA M
A1

Where G is incident spectrum irradiance, 7, is the optical efficiency and SR is the spectrum response, which is
defined as “ amperes generated per watt of incident light for given a wavelength” [29]. It considers wavelength
responses ranging from (300nm-1800nm), as expressed by the relationship in Eq. (2):
qA
SR, = h—.EQEW (2)
.
Where ¢ is the electron charge, EQE is external quantum efficiency, A is photon wavelength, c is the speed of
light and 4 is the Planck constant. Reverse saturation current J, is also affected by the band gap reduction, which

results in a decrease in open circuit voltage and the given temperature; the J, is given by Eq. (3) [15].
3+ —F 3)
Where K, is the Boltzmann constant, n is the diode ideality factor; y and K are materials constant in each layer.

The band gap energy of semiconductor materials can be calculated by the Varshni equation (4). The Varshni

empirical relation [30] gives the temperature dependence of semiconductor band gaps.

:Eéi(o)_% )

E g(T).i
Where £,(0) is the band gap at 0 K, the index i represents the sub-cell of each layer, T, is the cell temperature
and a and [ are material constants. The total current is determined by subtracting the light-induced current from

the diode dark current, given by Eq. (5):

J=J, expM—l -J, (5)
nkK,T ’

c

Where R; is a series resistance, V' is the voltage and J,; is the photocurrent; in an ideal case the photocurrent is
equal to the short circuit density J,,= J,.. Because of the series connection, the overall current of the three layers

is given by the lower current density as expressed in relationship Eq (6):

g, =min(J,,J,,J,) (6)

total



Equation (7) used to calculate the open circuit voltage V..

y —nK T 1n(£ + 1} 7)
q 0

Equation (8) is the relationship to determine the voltage produced by each subcell. The total voltage is the sum

of three subcells as per Eq. (9):

. 7 ®)
3
I/total = V’ i
4 ©)

The Fill Factor (FF), defined as the ratio of the maximum output power Py, fromthe solar cell to the product of
its open circuit voltage and short-circuits current is given in Eq. (10):

P
FF — max.

I/nc 'Jsc (1 0)

The efficiency represents the percentage ratio between the power output and the power input as expressed by
Equation (11), where #,, is the cell electrical efficiency, P,y is the amount of delivered power and P;, is the

quantity of incident power on the solar cell.

_ pout — Jsc'I/oc'FF
B, [Ga.cry,,

nel (11)

The concentration ratio achieved by means of the proportional rise of short circuit current intensity, can be

expressed in electric terms as follows:

Jsc(X) = Jsc,lX'CR (12)

The open circuit voltage increases logarithmically with concentration ratio as given in Equation (13):

n'kb,]::

V. (x)=V, + In(CR) (13)

3.3. Thermal finite element model

A finite element thermal model using COMSOL Multiphysics, together with an electrical model, iteratively
solves partial differential equations [31] to determine the thermal distribution throughout the cell assembly. The
receiver assembly consists of the solar cell on Direct Copper Bonded (DCB) substrate. The DCB is made of
copper/Al,O; ceramic/copper and silver used for electrical connections. Aluminum is selected for its good
equilibrium between thermal performance, weight, and cost [5, 32]. Fig. 2 illustrates the main receiver assembly
configuration and boundary conditions and Table-1 lists all boundary conditions and assumptions. The heat

dissipated by conduction through the receiver of the solid component is given by Fourier’s law (14):



4.0, =—kVT (14)

Where k is thermal conductivity and g, is conductive heat flux. The amount of heat dissipated by convection is

expressed in equation (15) by Newton’s law of cooling:-

qcanv = hconv 'As AT (1 5)

The heat loss by radiation cooling, which transfers heat electromagnetically to the environment is given by

equation (16):

qrad = 8'0‘(7-;4 - Ta‘:nb) (16)

where Q4 is radiative heat transfer, T is surface temperature, € is the surface emissivity and O is the Stefan—

Boltzmann constant.

Fig.2 Receiver assembly component structures and boundary condition.

Table.1 listed boundary condition.

No boundary condition
1 Triple cells (the heat source).
2 Rear plate convection heat transfer = 2200 - 3000W/m?K.
3 Natural convection of all free surface.
4 Ambient temperature =25-45 °C.
5 Surface radiation.

3.4. MATLAB Thermal Model



In order to estimate the cell temperature, a numerical model written in MATLAB script is solved iteratively,
beginning with the first approximation of the cell temperature 7,,. The cell operating temperature is expressed
by Eq.(17) [33]. It is estimated from electrical parameters, with consideration of the concentration ratio and

environment temperature.

V -V
Tc* — Tamb + oc (X) oc
IBVOC

where 7.* is the cell operating temperature, T, is the environment temperature and Sy, is the open circuit

(17

temperature coefficient. Equation (18) [34, 35] is used to calculate the cell conversion efficiency 1. as a function
of temperature, where 1 is the cell electric efficiency for the concentration ratio, B, is an efficiency temperature

coefficient, and 7, is reference condition temperature.

0. =n|i- 8,1 -1 (18)

The amount of heat power in the solar cell from the radiant heat transfer in the solar spectrum is given by

Eq.(19) [36, 37], where g, is the heat power and CR is a concentration ratio.

qheat = DJVI(AM)‘(1 v nc)'Ac‘CR‘ﬂopt (19)

Heat is dissipated by free or forced convection by applying either a passive or active cooling technique.
Newton’s law states that the convective loss is proportional to the difference in temperature between the surface
and the fluid [38]. Convective heat transfer depends on cell mounting, wind conditions and properties of the

surrounding air. The amount of heat removed by convection is given by Eq. (20).

Qout = hconv'As AT (20)

where O, is the heat dissipated from the cell by convection, 4., is the convective heat transfer coefficient, (4,)
is the convective surface area and AT is the temperature difference between the rear surface temperature and the
ambient temperature. Q is the amount of heat in the cell after the heat dissipation; therefore, the cell operating

temperature estimation is determined as expressed in Eq (21):

Q = qheat - Qout (2])

The steady state cell temperature is obtained by adding the initial cell temperature to the total heat generated and
is expressed in Eq. (22), where T, represents steady state cell temperature, C, is heat capacity and m is the mass
of the cell, as given in relationship (23), where x. is the thickness of the cell, 4. is the cell area and p is a

material density of the solar cell.

T, =7, +2 2)
m.Cp
m=x,A4..p (23)



4. Results and discussions
4.1. Effects of increases of AM in the solar spectrum

Air mass is a measure of how absorption in the atmosphere affects the spectral content and intensity of the solar
radiation reaching the Earth’s surface. It is described as a ratio between the optical path length, and the optical
path length when the sun is at the zenith. Fig. 3 illustrates the variation of air mass, which results-in significant
changes in the spectral distribution of direct irradiance at the surface of the Earth. When air mass increases (1,
1.5, 4, 6 and 10D), the solar intensity decreases, the wavelength becomes shorter and that yields a shift in the

direct spectrum.

1.8
1.6 -
— —— AM 1D
E 147 —— AM 1.5D
iz ——— AM 4D
= 127 — AM6D
=
~ AM 8D
g 1.0 —— AM 10D
[}
S 08
€ 06
(%]
Lih]
& 0.4 -
0.2
0.0 :

500 2000 2500

Wavelenght [nm]

Fig.3 Direct spectral irradiance generated by SMARTS2 model for different AM value.

The performance of the spectral model is dependent on the air mass and the associated parameter with the length
of the sunlight path through the Earth’s atmosphere. The minimum AM value occurs on a clear-sky day, when
the Sun is on the noon-time, while the maximum occurs when the Sun is at the sunrise and sunset. The increase
towards larger AM values is related to the red shift in the solar spectrum. Hence, a decrease in AM values

corresponds to a rise in the blue solar spectrum component [6].

10
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Fig.4 DNI integration versus Air Mass as a function of the zenith angle (z).

Fig. 4 shows the Direct Normal Irradiance at six values of air mass (1, 1.5, 4, 6 and 10D) at different zenith
angles, which vary between 0° and 85°. As the zenith angle increases, the integrated DNI magnitude decreases.
Also, a decrease of the spectral irradiance will lead to attenuation in the wavelengths of incident illumination.
The impacts of increasing the sunlight zenith angle is that it vanishes in the short wavelength. This results in an
increase in the red shift of the direct solar spectrum. The increase in spectral extinction at lower wavelengths is
controlled by scattering from aerosols and molecules [6]. Therefore an increase in the air mass value results in

an attenuation of the amount of incident power [39].

4.2. Current limitation, J-V, P-V and efficiency

The one-diode model is deemed to be an optimum way to practically describe the performance of triple junction
solar cells. For triple junction solar cells, the top and bottom cells’ series connection is influenced by changes of
spectrum which result in a current mismatch and a reduction in overall current density [9]. A subcell has a small
energy bandgap, resulting in solar spectrum photon absorption, which produces a small voltage and high current
density. However, the J-V curve is used to characterise the performance of a cells’ parameters. The changes in
the solar spectrum from the reference spectrum results in one of the subcells governing and/limiting the overall
solar cell current [39]. The ideal performance will occur when their current density is balanced as shown in

Fig.5.

The optimum performance under spectrum (G-173-03) AM 1.5D, usually occurs when the top and middle cells
have been designed to generate equal current density, or “current match”. The change in the solar spectrum
results in one of the two cells becoming current limited [40]. Also, at a high operating temperature as the cell
temperature increases, the middle subcell generates less current; consequently, current limitation shifts to the

middle subcell [41]. Therefore, at lower values of AM the top and middle junctions generate the same currents

11



and at higher AM values, the top junction will govern overall current; this is because of a decrease in the spectral

factor of multi-junction cells [29].

251 b
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Fig. 5 J-V curve of a combination the top, middle, bottom subcell of tandem 3-Junction, the total current of solar
cell limited by top and middle cell at CR= lx, T'= 25 °C and AM =1.5D.

As shown in Fig. 6, the triple-junction solar cell assembly is very sensitive to changes in the solar spectrum; this
is because of the monolithic stack of the subcells. There is a significant reduction in the maximum power
density as AM increases from 1-10D, as depicted in Fig.7. Higher AM leads to lower maximum power;
conversely, higher power is achieved at lower 4M values. Air mass has the most significant influence on the
performance of single/multi-junction solar cells. This atmospheric parameter should therefore always be borne
in mind while designing or modelling solar cells because of the spectral effects of the incident solar irradiance

cause areduction in the electric output of the cell/module and system of the HCPV [42-44].

12
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Fig.6 J-V curves of triple-junction cells and effects of variety of air mass.
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Fig. 7 P-V curves of triple junction cells and effects of a range of air masses.

Due to the attenuation of the wavelengths in the atmosphere, when the value of air mass increases, the current
density reduces and cell efficiency of the multi-junction solar cell decreases. Fig. 8 illustrates how the increases
in AM has a significant effect on the overall efficiency of a triple-junction solar cell. This is because the energy
photons in the solar spectrum decreases. Furthermore, the value of DNI decreases as the AM values increases.
For an increase in air mass value up to AM =10D, the cell efficiency drops to 25%. In contrast, with the

optimum value of air mass AM =1.5D, CR=1x, the cell efficiency stands at 32%.

13
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Fig.8 Influence of air mass variation on cell efficiency.

4.3. Estimation of energy conversion yield

Standard test conditions for a solar cell are DNI = 1000 W/m? at AM1.5D, T,,,=25 °C, while the standard
operating conditions are DNT = 900 W/m?, ambient temperature Ty, = 20 °C at AM1.5D [27, 45]. In this study
the External Quantum Efficiency (EQE) measurement data is taken from Kinsey and Edmondson CM1 [40].

The EQE corresponds to the absorbing spectrum response.

The top cell (GalnP) absorbs the part of the solar spectrum, which contains the ultraviolet and visible
wavelength. It responds between approximately 300-700nm wavelength with E, = 1.8(eV). The middle
(GalnAs) layer absorbs the near infrared spectrum. It responds between approximately 700-900nm wavelength
with E;= 1.4(eV). The bottom (Ge) subcell absorbs lower photon energies in the infrared spectrum between 900
and 1800nm with E, = 0.7(eV). The photon absorption is quantified by the energy gap of the semiconductor
material alloy and its absorption coefficient [46]. In order to predict the energy available to be absorbed by each
subcell, the EQE as a function of irradiance utilised is expressed in Eq. (24). The amount of energy lost from an

incident spectrum occurs in absorption and some by incident spectrum reflection.

4000 1800

Ginari = I G- ,[EQEW,Z- dA (24)
280 300

DN]abso(AM) = J.Gabso(/l),l- - (Thlosses,i + Qcm,i) (25)

14



where G, 1s the amount of an incident spectrum absorbed and converted to electricity by each subcell, Thgqeq
are the thermal losses. The portion of the energy absorbed depending on the air mass, DNI,s, (4M) by the three

junctions of the solar cells and is converted to electricity as expressed by Eq. (25).

The radiation not converted to electricity is lost as heat and results in an increase of solar cell temperature. The
thermal losses in the solar cell occur where the absorption of energy is greater or less than the bandgaps [10,
47]. In a triple junction cell, due to a series connection, the total current of the three sub-cells are limited by the
minimum. The amount of energy not converted to electrical energy is wasted as heat, as given in equation (26)

[10, 19], based on current limitation and spectrum variation effects at different AM.

3
Qfm = Z[ch,i - Jtotal ]’Voc,i (26)
i=l1

where Q. is heat generated due to current mismatch and J is the short current circuit in each layer. The J,y 1S
the total current of the three cells, V. is the open circuit voltage of each.dayer. The majority of the heat produced
due to current limitation comes from the bottom subcell which generates the highest current. The total estimated
energy wasted is produced by adding the heat generated because of current mismatch to the energy losses from

the incident spectrum.

15
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Fig. 9. Estimation of portions energy absorbs and approximation of energy losses by each layer of triple-
junction cells (a) for AM 1.5D, (b) for AM 4D and (c) for AM 8D.

The available incident power that responds at each range for each subcell (GalnP/GalnAs/Ge) is shown in Fig:9
at different air mass values AM (1.5, 4 and 8D). The energy greater than the bandgaps is wasted. Adding
different semiconductor materials is one way to utilise such solar spectrum losses and minimise the heat
generated. High AM values lead to less incident power; as shown in the (lower) figure at AM 8D, the Ge layer

will produce less power compared with AM 1.5D.

4.4 Validation

Model parameter results of the current study were compared to other work; some of the parameters of fill factor
FF and efficiency are compatible with the values presented in reference [48]. The results are also shown
compatible with parameters of efficiency and V. open circuits voltage values that presented by Green et al.[49].
The efficiency was 32% at 1x; this value in good agreement with an experimental measured value reported in
the literature [50]. Table 2 summarised list of performance parameters published in the literature compared with

the current study model.

Table. 2 summarised simulated J-V parameters compared to world record values published in the literature for a
lattice-matched (LM) MJSC by M. Green et al.[49] and A. Walker [48] triple cell model results, the temperature
at 25 °C and concentration of one- sun.

Parameters Current study © Model by A. Walker  Error World Record M. Green  Error (%)

[48] (%) et al. [49]

Jse (nAcm?) 12:6 12.3 2.3 132 3
Vee (V) 2.6 2.628 1 2.691 2.9
FF(%) 88 87.2 0.9 86.0 2.3

N [%] 32 313 0.7 32.1 0.1

In the thermal validation aspect, a model of receiver assembly at the condition of AM 1.5, CR= 1000x, have
similar results presented in the modelling and experimental which is consistent, and in good agreement with the
experimental by Muron et al[51]. In addition, there is a good agreement with a modelling prediction which
presented by Maka and Donovan [52]. So for the cooling requirement, the value of 4.,y =2.4 kKW/m?K, at T,p,=
25 °C is used.
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4.5. Analysis of the thermal model

The concentration ratio used in this thermal model is 1000x, where 1x =1000 W/m?. In HCPV, a cooling system
is needed to remove heat from the cells, for safety and reliability reasons. It is recommended that the cell
operating temperature is maintained at or less than 80 °C. The amount of heat produced must be equal to that
removed heat from the cells in order to prevent the temperature from rising, and to allow the system to-work
under steady-state conditions [5]. The temperature of a solar cell is quantified by incident power and ambient
temperature, and influenced by cell efficiency. The amount of heat power generated in the solar cell is given by

Eq (19).

As described in Section 2, an iterative solution is required to determine the steady-state condition of the solar
cell. An initial cell temperature 7, =25 °C is used and then calculations are based on the input heat generated the
cells and convected from the cell surface. The new cell temperature is then calculated using COMSOL’s live-
link for MATLAB. To solve the model, numerous steps are repeating in order to converge on a solution. The
cell temperature stabilises at the point where the generated heat is equivalent to the heat dissipated by the
cooling mechanism. The convergence occurs at the steady-state condition, when the iterative (7;) relative error
is < 0.1%. The receiver configuration set at the bottom convective area is about 5.13x10* m? and the solar cell
area is 1cm?. The optimum geometry mesh is a normal size and free triangle type. The completed mesh consists

0f 92300 number of elements, including domains and boundaries.

The simulation was carried out by using (GMRES) Generalized Minimum Residual, which is an iterative solver
to solve general linear systems. It can be observed that while solving a problem with an iterative method, the
error estimated in the solution decreases with the increase in the number of iterations [53]. Fig. 10 illustrates the
convergence of the solver for AM 1.5D, 4D and 8D. For AM1.5D a convective heat transfer coefficient Ao, >
2.4 kW/m?K is required to maintain cell operating temperature less than 80 °C and converges after
approximately 12 iterations. The black trend represents the cell temperature at AM 4D. In this case, a convective
heat transfer coefficient > 2.3kW/m?K is required to maintain the temperature blow the limit; the solution
converges after approximately 11 iterations. The orange trend represents a cell temperature at AM 8D and a /oy,
> 2.2 kW/m?K is required, and converges after approximately 10 iterations. Table-3 summarised the details of

parameters of the efficiency, /¢y and ey Versues to the range of AM values.
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Fig.10. Cell convergence temperature versus iterations; this model is of 3-junction cells, at variation of %,
between 2200 to 2400 W/m?K to maintain a cell temperature below 80 °C.

Table.3 listed different AM versus cell temperature converges with different 4., and 7,,,;, 25 °C @1000x.

AM Efﬁciency (%) 9 heat [W] hwnv [ W/mz]

1.5D 39 50 2400
4D 37 45 2300
&D 355 41 2200
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Fig.11. AM as a function of irradiance versus heat power on the solar cell, also AM versus /o,y required to
maintain a cell temperature below 80 °C.

The heat power as a function of the efficiency of the cell is directly proportional to heat transfer coefficient. As
AM increases from 1.5 to 8D both gy, and the required 4,,,, decrease significantly as illustrates in Fig.11 . To
maintain a cell operating temperature below 80 °C, the value of /., remarkably decreases as AM increases. This
is due to the increase of AM which results in the cell efficiency dropping, which subsequently leads to decreases
in the heat power generated. A multi-junction solar cell can operate above 1000x due to its effectiveness at high
temperature [54]. Passive cooling is often applied to concentrating photovoltaic systems ranging from 300-

1000x and operating temperatures between 50-80 °C [41, 55].
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Fig. 12 2D plot of temperature distributions on CPV receiver, (a) AM 1.5D and at ambient temperature of 25
°C, heony =2400 W/m2K. (b) AM 1.5D at ambient temperature of 45 °C and 4.,,,=3000 W/m2K.
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Fig. 13 2D plot of temperature distributions on CPV receiver, (a) AM 4D, hcy,= 2300 Wm?2K and ambient
temperature of 25 °C. (b) AM 4D and /oy, =2800 Wm?K at ambient temperature of 45 °C.
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Fig. 14 2D plot of temperature distributions on CPV receiver, (a) AM 8D and ambient temperature of 25 °C and
Reony =2200 W/m?K. (b) AM 8D for ambient temperature of 45 °C and /., =2600 W/m2K.

In order to predict cell temperature or the thermal behaviour as a function of the ambient temperature and AM, a
parametric sweep study was conducted for T, =25 to 45 °C and Aoy =2200 to 3000 W/m?K. Fig 12-(a) shows
the 2D plot of temperature distribution on the receiver of Ay, = 2400 W/m?K, an ambient temperature of 25 °C
and AM1.5D to keep the cell operating temperature below 80 °C. The highest cell temperature occurs at the
centre of the cell and the temperature decreases towards the receiver edge. Figurel2-(b) is the 2D plot of
temperature distribution‘on the receiver for A, =3000 W/m?K, and an ambient temperature of 45 °C and AM

1.5D.

Fig 13 and 14 illustrate the temperature distribution on the receiver for range of 4.,,, =2200, 2300, 2600, 2800
W/m?K, ambient temperatures of 25 °C, 45 °C and AM 4D, 8D. The main significant features in figures (12-14)
are summarised, hence as T, changes from 25-45 °C, the values of A, rapidly increases in order to keep cell
temperature below certain values. In contrast, increases of air mass AM =1.5, 4, 8D leads to a reduction in the

required values of /., to maintain a cell temperature below 80 °C.
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Figure 15 illustrates the significant impact of a higher ambient temperature, and lower value of air mass, on the
solar cell's convergence temperature. Therefore, the thermal response through the values of the convection heat
transfer coefficient needs to be increased at the back of the receiver in order to operate below 80 °C. In contrast,
when the air mass values increase, the response values of the convection heat transfer coefficient decrease, and

it's magnitude depends on environmental temperature.

The thermal resistance of 10> Km?* W is needed for a concentration ratio of 1000X [20]. The design of the solar
receiver for high concentrating photovoltaics must be below this thermal resistance of the materials at the back

of the solar cells [5, 56].

5. Conclusions

In this study, the effect of the air mass atmospheric parameter on the performance of a triple-junction solar cell
is presented. The values of AM from (AM =1-10D) was studied on a thermal-electrical model and the results are
given in J-V, PV curves and overall cell efficiency. It has been shown that the weakness of the spectrum leads to
a reduction in the performance parameters of series connected sub-cells of a multi-junction solar cell. The
challenge in characterising multi-junction cells is the sensitivity to the incident spectrum, because of the effects

of changes in the air mass.
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The cell temperature is calculated by an iterative computational technique. The efficiency has been shown to
drop remarkably to about 3.5% as air mass decreased from 1.5 to 8D at 1000x concentrating ratio. This lead to a

reduction in the required /.,y and heat power by the solar cells as summarised in Table-3.

Thermal behaviour was studied for a range of convective heat transfer values, ambient temperatures and air
mass. The amount of heat transfer from the solar receiver ought to be maximised, in order to operate the cells
more safely at the lowest possible temperature. Thus, as deduced at high ambient temperature there 4.,,, needs
to increase to retain cell temperature below 80 °C. While as AM increases, the /.., values decrease because the
heat power decreases. From the modelling results, we have a better understanding of the thermal behaviour of

the receiver assembly.

Highlights

e J-V Characterisation of the three component sub-cells of a triple-junction cell as a function of different
AM.

e Prediction of cell temperature by an iteration technique that converges to find a steady operating
temperature.

o Increases in air mass have a significant effect on thermal and electrical performance.
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