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Abstract

The influence of the incident spectral irradiance on the electrical and thermal behaviour of triple-junction solar cells has been inves-
tigated. A spectral dependent electrical model has been developed to calculate the electric characteristics and quantify the heat power of a
multijunction solar cell. A three-dimensional finite element analysis is also used to predict the solar cell’s operating temperature and cool-
ing requirements for a range of ambient temperatures. The combination of these models improves the prediction accuracy of the elec-
trical and thermal behaviour of triple-junction solar cells. The convective heat transfer coefficient between the back-plate and ambient air
was found to be the significant parameter in achieving high electrical efficiency. These data are important for the electrical and thermal
optimisation of concentrating photovoltaic systems under real conditions. The objective of this work is to quantify the temperature and
cooling requirements of multijunction solar cells under variable solar spectra and ambient temperatures. It is shown that single cell
configurations with a solar cell area of 1 cm? can be cooled passively for concentration ratios of up to 500x with a heat sink thermal
resistance below 1.63 K/W, however for high ambient temperatures (greater than 40 °C), a thermal resistance less than 1.4 K/W is needed
to keep the solar cell operating within safe operating conditions.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

Multijunction (MJ) solar cells are made of III-V com-
pound semiconductors and are used in space and terrestrial
applications. Currently the state-of-art solar cell on the
market is the lattice matched triple-junction (3J) solar cell
made of GalnP/GalnAs/Ge subcells (Guter et al., 2009;
Helmers et al., 2013). These subcells, are monolithically
connected in series in a specific way to absorb a larger pro-
portion of the solar spectrum and thus, to achieve higher
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conversion efficiencies. To date, the highest recorded effi-
ciency for a 3J solar cell is 44.4% and 46% for 4]
(NREL, 2015). Such solar cells can be economically viable
if sunlight is concentrated by a factor greater than 300x
(Cotal and Frost, 2010; Kinsey et al., 2008; Verlinden
et al., 20006).

High concentrations result in high heat flux on the solar
cell’s surface and a rapid increase in the cell’s temperature.
High temperatures reduce the electrical conversion effi-
ciency because of the temperature dependence of the
open-circuit voltage (V,.) and the maximum power voltage
(Vip) (Cotal and Sherif, 2006). It has been shown that
under 500x concentration and without any cooling
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Nomenclature

A area (m?)

AM air mass (—)

c speed of light in vacuum (m/s)

C, heat capacity (J/(kg K))

CR concentration ratio (-)

DNI  direct normal irradiance (W/m?)
EQE  external quantum efficiency (-)

E, energy band-gap (eV)

G(J)  spectral DNI (W/m?/nm)

h Planck’s constant (J s)

heons  conv. heat transfer coeff. (W/(m°K))
1 current (A)

I, short-circuit current (A)

Iy dark saturation current (A)

J current density (A/m?)

e short-circuit current density (A/m?)
Jo dark saturation current density (A/m?)
k thermal conductivity (W/(m K))

kg Boltzmann constant (eV/K)

K. R, intensity coefficient (-)

n diode ideality factor (-)
P;, incident power (W)
P

' maximum power output (W)
q elementary charge (C)
Gnear  heat power (W)
q’ heat flux rate (W/m?)
¢!, heat generation (W/m’)
Ry series resistance (Q)
Ry, shunt resistance (Q)

Rgo R, at low intensity (Q)

Ry R, at high flux (mQ)

Ry, thermal resistance (K/W)
number of cycle iterations ()
ambient temperature (°C)

T. solar cell’s temperature (°C)

14 voltage (V)

Vinp voltage at maximum power (V)
Ve open-circuit voltage (V)

X ratio of top to middle Jy. (-)

z zenith angle (°)

Greek letters

o material dependent constant (eV/K)
p material dependent constant (K)

Y constant (—)

AT temperature difference (°C)

& emissivity (-)

Heell electrical efficiency (-)
Nopt optical efficiency (-)

K constant (A/(cm?K*))

A wavelength (nm)

P density (kg/m?)

a Stefan-Boltzmann constant (W/(m*K?))
Abbreviations

Al,O3; Aluminium Oxide or Alumina

CCA  Concentrator Cell Assembly

CPV  Concentrating Photovoltaic

CSTC Concentrator Standard Test Conditions
DBC Direct Bonded Copper

EM Electrical Model

FEA  Finite Element Analysis

FETM Finite Element Thermal Model

GalnAs Gallium Indium Arsenide

GalnP Gallium Indium Phosphide

Ge Germanium

GMRES Generalised Minimal RESidual method

HCPV High Concentrating Photovoltaic

IR Infrared

MJ Multijunction

MPP  Maximum Power Point

RMSE Root Mean Square Error

SMARTS2 Simple Model of the Atmospheric Radiative
Transfer of Sunshine, version 2

uv Ultraviolet

3] Triple-junction

arrangements, the solar cell can exceed 1000 °C (Araki
et al., 2002; Cotal and Frost, 2010; Kuo et al., 2009; Min
et al., 2009; Nishioka et al., 2006; Ye et al., 2009). This
emphasises the need for appropriate cooling technology
to decrease the temperature to within safe operation limits
and to avoid suboptimal performance and risk of system
failure.

The recommended operating temperature varies for dif-
ferent manufacturers; Spectrolab Inc. suggests a maximum
operating cell temperature of 100 °C (Spectrolab, 2009b),
Azurspace GmbH 110 °C for their latest product 3C42A

(Azurspace, 2014) and 150 °C for the old product 3C40A
(Azurspace, 2010) while Sharp data are given for up to
120 °C (Segev et al., 2012). Reliability analysis on 3J solar
cells have shown that, at operating conditions of 820x and
80 °C, the warranty time was found to be 113 years; at
100 °C however, the warranty time was reduced to 7 years
(Espinet-Gonzalez et al., 2014). It is also worth noting that,
in high temperatures (over 120 °C, 1x), the voltage output
of the low energy band-gap germanium subcell decreases to
almost zero (Helmers et al., 2013; Nishioka et al., 2005).
Therefore, to avoid long term degradation problems and
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also the risk of destroying the connections (melting), the
concentrator cell assembly (CCA) should not operate in
excess of 100 °C.

MJ solar cells are usually characterised in laboratory
facilities under Concentrator Standard Test Conditions
(CSTC). These conditions correspond to cell temperature
T.=25°C, air mass 1.5 direct (AM1.5D) and Direct
Normal Irradiance DNI = 1 kW/m?, although in the field,
the atmospheric conditions can vary significantly (Kinsey,
2010). Due to the fact that the subcells of the 3J solar cell
are monolithically connected and also because of their sen-
sitivity to the spectral variations and intensity of sunlight,
the prediction of the electrical and thermal behaviour is still
challenging (Steiner et al., 2012). There also exists a limita-
tion relating to the in-series connection of such solar cells; a
mismatch in the current produced by each subcell will limit
the overall output to the lower value; this, in turn will result
in greater heat production within the cell. Therefore, by
applying a simple DN/ value as an input in thermal models
may give inaccurate results. It is important therefore, to
develop smart algorithms, models or methods to realisti-
cally determine the electrical performance of the cell to
accurately determine the thermal characteristics, tempera-
ture and cooling requirements of the system.

Concentrating photovoltaic (CPV) thermal numerical
models and experimental designs have been thoroughly dis-
cussed in literature using passive (Araki et al., 2002; Chou
et al., 2012; Kuo et al., 2009; Natarajan et al., 2011; Wang
et al., 2013) and active (Al-Amri and Mallick, 2013; Kribus
et al., 2006; Royne and Dey, 2007; Zhu et al., 2011) cooling
techniques. According to Royne et al. (2005), who pre-
sented an extensive review on different cooling techniques,
passive cooling can be sufficient for single cell geometries
and solar flux up to 1000 suns where a “large area” is avail-
able below the cell for a heat sink. For densely packed cells
and concentration ratios (CR) higher than 150 suns, active
cooling is necessary (Royne et al., 2005). It was also con-
cluded that the thermal resistance (R,;) of the cooling sys-
tem must be less than 10~* m*K/W for concentration levels
above 150x. However, the spectral effects on electrical effi-
ciency and hence, the temperature are not included in the
aforementioned thermal models.

In addition, the prediction of solar cell’s temperature is
very important for the electrical characterisation of CPV
modules. Rodrigo et al. (2014) reviewed various methods
for the calculation of the cell temperature in High
Concentrator PV (HCPV) modules. The methods were cat-
egorised based on: (1) heat sink temperature, (2) electrical
parameters and (3) atmospheric parameters. The first two
categories are based on direct measurements of CPV mod-
ules in indoor or outdoor experimental setups and pre-
sented the highest degree of accuracy (Root Mean Square
Error (RMSE) 1.7-2.5 K). Most of the methods reviewed
by Rodrigo et al. (2014) calculate the cell temperature at
open-circuit conditions. Methods that predict the cell tem-
perature at maximum power point (MPP) operation offer
a more realistic approach since they include the electrical

energy generation of the solar cells (i.e. real operating con-
ditions); Yandt et al. (2012) described a method predicting
the cell temperature at MPP based on electrical parameters
and Ferndndez et al. (2014b) based on heat sink tempera-
ture with absolute RMSE 0.55-1.44 K. Ferndandez et al.
(2014a) also proposed an artificial neural network model
to estimate the cell temperature based on atmospheric
parameters and an open-circuit voltage model based on
electrical parameters (Fernandez et al., 2013a) offering good
accuracy (RMSE 3.2 K and 2.5 K respectively (Rodrigo
etal., 2014)). The main disadvantage of the aforementioned
methods is that an experimental setup is required to obtain
the parameters used for the cell temperature calculation.

Despite the fact that several electrical models and exper-
imental procedures for MJ solar cells have been described
thoroughly in literature (Ben Or and Appelbaum, 2013;
Dominguez et al., 2010; Fernandez et al., 2013;
Fernandez et al., 2013b; Kinsey and Edmondson, 2009;
Kinsey et al., 2008; Rodrigo et al., 2013; Segev et al.,
2012; Siefer and Bett, 2014) which included the spectrum
and irradiance dependence, the challenge to develop an
integrated thermal-electrical model which predicts the cell
temperature and includes the cooling needs is still
unsolved. This study builds on a methodology (Theristis
and O’Donovan, 2014) which considered a constant spec-
tral response at 25 °C and AM1.5D. The current method-
ology combines three models; the solar spectral
irradiance is generated by the NREL Simple Model of
the Atmospheric Radiative Transfer of Sunshine, version
2 (SMARTS?2) (Gueymard, 1995, 2001; Gueymard et al.,
2002), an electrical model (EM) uses a single diode model
to simulate the electrical characteristics and heat power
of a 3J solar cell at MPP (i.e. connected to an inverter)
and a finite element analysis thermal model (FETM) that
uses the heat power as an input from the electrical model
in order to predict the temperature and the cooling require-
ments as a function of ambient temperature.

2. Theory
2.1. Electrical model (EM)

The single diode model was used to model the electrical
characteristics of a 3J solar cell. According to Segev et al.
(2012), the one-diode equivalent circuit model is adequate
to describe a 3J solar cell in practical applications. Each
junction of the solar cell can be represented by an equiva-
lent circuit model and therefore, by connecting them in ser-
ies, the one diode equivalent circuit model for a 3J solar cell
can be obtained (Fig. 1). This model differs from the two
diodes in the number of diodes that describe the saturation
current. In the single diode model, the diode represents
recombination in both the depletion and quasi-neutral
regions (Segev et al., 2012).

If the shunt resistances (Ry;,) are sufficiently large to be
neglected, the current density—voltage (J-V) relationship is
given by
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Fig. 1. One-diode equivalent circuit 3 J cell model (Segev et al., 2012).

Ti(V) = Jo(T.) - (eQ 1) = JseT), (1)
where i is an index for each subcell (1 for top, 2 for middle
and 3 for bottom), J, the dark saturation current density,
g the elementary charge, V' the voltage, J is the current
density, 4 the area, R, the series resistance, n the diode ide-
ality factor, kp the Boltzmann constant and Jgc is the
short-circuit current density. The dark saturation current
density is strongly affected by temperature and is described
as

JOi(Tc) =k - T(;’H’T:/z)e(_Eg.i(Tc)/”i'kB'Tc)

; (2)

where k and y are constants. The energy band-gap E,,
decreases with increasing temperature and is given by the
Varshni relation (Varshni, 1967):

Ofin
Tc + ﬁi ’
where E, (0) is the energy band-gap of i subcell at 0 K and
o, f are material dependent constants. The short-circuit

current density distribution for each subcell as a function
of temperature is calculated using Eq. (4):

/li‘max ;LE E )» TC . 2) - CR G ;\,
JieilTe) :/ #or R ) Tl %) s

E(T.) = E¢(0) (3)

h-c ’
(4)

i,min

where A; min and 4; . correspond to the wavelength range
of each subcell, 4 is the wavelength of the incident photons,
EQE; is the External Quantum Efficiency, #,,, the optical
efficiency, CR is the concentration ratio, G(2) is the spectral
DNI, h is Planck’s constant and ¢ the speed of light in a
vacuum. EQF is defined as the ratio of the number of car-
riers collected by the cell to the number of incident
photons.

The total current density output due to the series con-
nection is given by the minimum current density of the
three subcells;

J:miH(Jl,Jz,J3). (5)

Solving Eq. (1) for J; =0, the open-circuit voltage for
each subcell is obtained:

n;- kB : Tc Jsc‘i(Tc) >
Vocj == ln —+ 1 . 6
e (4 ©

The voltage in each junction can be also calculated by
rearranging Eq. (1):

ke Tey <JSC="(T") ;J" + 1> ~Ji-A-Ry.  (7)

Vi
q J(),i(Tc

The total voltage output is the sum of the voltage in
each junction, therefore:
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The solar cell’s efficiency is defined as the proportion of
the maximum power output of the cell to the DNI which is
incident on the cell:

POll[ Pm

Neet1 = 55— = 4000 A A . (9)
Pin [0 CR-A-7-G(A) 1,y (2) - dJ.

Therefore, the heat power produced on the cell is
Dhear = Pin : (1 - ncell)' (10)

2.2. Thermal model (FETM )

An analytical FETM has been developed to predict the
thermal behaviour of 3J solar cells. The multijunction solar
cell is attached to a Direct Bonded Copper (DBC) substrate
for heat dissipation and electrical insulation. The heat is
transferred by conduction between the solid layers of the
receiver. Some heat is lost to the environment, due to nat-
ural convection and surface to ambient radiation from all
free surfaces.

In the case of a passively or actively cooled receiver, the
heat is transferred by conduction between the solid layers
of the receiver and the steady state equation is given by
the Fourier’s law of heat conduction:

q:'/ond = _kVTa (11)

where ¢” is the heat flux rate (W/m?), k the heat conductiv-
ity and V is the three-dimensional operand. The solar flux
that is transformed to heat must be dissipated from the
bottom substrate or cooling system to the environment or
harnessed for use in another application. The heat which
is dissipated either by natural or forced convection is
described by

q::/f,conv = h”/f ’ AT’ (12)

where £ is the heat transfer coefficient (natural or forced)
and AT the temperature difference between the cell and
the ambient air or ultimate heat sink. The heat, which is
lost to the environment, due to natural convection occurs
on every surface that faces the ambient. COMSOL
Multiphysics contains the correlations for each surface ori-
entation (vertical, horizontal or inclined); these can be
found in Incropera and DeWitt (1996). The heat loss due
to radiation is given by:

q;’ad:‘g.a.(TAl_ijb)? (13)

where ¢ is the material’s emissivity and o the Stefan-
Boltzmann constant. The heat transfer at solid interfaces
is defined by the following heat equation to simulate the
thermal behaviour:

or
G =0+ Cy gy =V (KVT), (14)
where the first term disappears in steady state problems
and ¢/ is the heat source (W/m?) which is calculated from
the electrical model divided by the cell volume.

3. Methodology

The models described above are simulated based on the
flowchart in Fig. 2. The solar spectrum is generated using
the SMARTS2. Clear sky days are assumed and the zenith
angle (z), and hence the air mass (4 M) is considered to be
the only variant that affects the direct spectral irradiance.

The simulations are conducted in steady state. The EM
runs for a given CR, an initial 7. of 25°C,
AMID < AM < AM15D and the heat power is then intro-
duced in the 3D FETM in COMSOL. Solar spectra ranging
from AM1D to AM15D have been chosen as a rigorous test
for this integrated model. They are not location specific; they
are used to demonstrate the applicability of the model to a
wide range of solar geometries. For 25 °C < T, < 45 °C
and 1200 W/(m?K) < /ooy < 1600 W/(m’K) at the back
surface of the CCA, the cell’s temperature is predicted from
the thermal model and is then imported to the electrical
model. The procedure is repeated until a steady state is
reached; i.e. |T.(s) — T(s+ 1)] < 0.002 K, where s is the
number of cycle iterations. Table 1 summarises the variable
input parameters used for the simulation program, the range
of each parameter, the model from which they are generated
and the model that uses them as an input. The maximum
convective heat transfer coefficient considered in this study
is 1600 W/(m’K), as this has been shown by Mudawar
(2001) to be the maximum achievable under passive cooling
conditions. Lower convective heat transfer coefficients are
not reported as they were found to be insufficient to
maintain the cell temperature below 100 °C.

4. Results & discussion

This section describes an application of the aforemen-
tioned methodology wusing the CIMJ CCA from
Spectrolab. Literature based data from Kinsey and
Edmondson (2009) and Segev et al. (2012) are used in the
EM. The CR discussed in this section is for 500x unless
otherwise stated.

4.1. SMARTS?2

The generated direct spectral irradiance from
SMARTS?2 is shown in Fig. 3. For the sake of clarity some
air mass values are not illustrated. The integration of the
spectral irradiance at a specific air mass gives the irradiance
intensity; the values are shown in Fig. 5 as a function of z.
Other parameters were kept constant at the reference con-
ditions of the standard ASTM G173-03 (Gueymard and
Myers, 2010) (precipitable water 1.42 cm, rural aerosol
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Fig. 2. Flowchart of simulation program.

Table 1

Model variables.

Variable input Range Generated Used in
parameter from

AM 1-15 SMARTS2 EM
Reons 1.2-1.6 kW/(m?K) FETM
Gheat EM FETM
T, FETM EM
T 25-45°C FETM

model, turbidity value 0.084 specified as aerosol optical
depth at 500 nm). Fig. 4 shows the percentage of ultraviolet

(UV, 280-400 nm), visible (400-780 nm) and infrared (IR,
>780 nm) light as a function of air mass. It can be seen that
for AM > AM3D the IR wavelengths have the highest
proportion while the UV component is zero for
AM > AMTD.

4.2. Electrical model (EM)

The EQE of the Spectrolab C1 MJ multijunction solar
cell, as characterised by Kinsey and Edmondson (2009)
for a temperature range between 25 °C and 75 °C, was used
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— AM2D
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—— AMS5D
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—AM15D

Direct spectral Irradiance (W/mZ/nm)

1500
Wavelength (nm)

Fig. 3. Direct spectral irradiance generated by SMARTS2 for AM1D to
AMI5D. Some air mass values are not illustrated for clarity purposes.
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Fig. 4. Ultraviolet, visible and infrared light percentage of direct normal
irradiance as a function of air mass.

for this application. The bottom subcell was measured
using a C1MJ subcell isotype.

The input parameters used for the electrical model are
listed in Table 2. The cell area was taken as A4 = 1 cm?
and the optical efficiency #,,, = 0.8. The series resistance
as a function of the incident power was calculated accord-
ing to Spectrolab (2009a):

_ Rgo
CRX:

where Rgy = 11 mQ is the series resistance at low intensity,
Ry, =40 Q 1is the series resistance at high flux and
K.=1.75 1is a series resistance intensity coefficient.
Table 3 shows the fitting parameters for the CI1MJ single
diode model which were adopted directly from Segev
et al. (2012).

R;

+ Ry, (15)

4.2.1. Short-circuit current density

From Eq. (4), the Jy. distribution for each subcell can be
calculated. As mentioned above (see Section 2.1.), higher
T, decreases each subcell’s band-gap causing the EQFE to

1000 o AM1D

950 N1 5D

900 H L ]

850 \

800 1 AM2Dm

7501 \Amso
700

& 650 4 \.
£ 600 AM4D
% 550 \.AM5D
< 500 \
Q 250 AM6DE
s 7 w AM7D
] AM8DE
350 ] = AMOD
300 AMIODE 141D
250 AM12Dm AM1
200 AM14D8 AM15D
T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
z(%)

Fig. 5. Direct intensity versus zenith angle and air mass. Intensity values
are calculated by integrating the solar spectral irradiance.

shift towards the longer wavelengths and therefore the Jg.
follows the same behaviour (Jy.3 is plotted separate for
clarity, see Figs. 6 and 7). Figs. 8 and 9 show the effect
of AM; higher air mass values show a significant drop in
the short wavelength region (see also Figs. 3 and 4) and
therefore the effect on higher band-gap subcells is higher
than the low band-gap (germanium) subcell. This will be
the case especially for J,.; which decreases rapidly for
AM > AM2D acting as the current limiting subcell. Also
considering that in the winter period, the 4AM will always
be greater or equal to 2 at middle to high latitudes, the sub-
cells will never be current matched (Faine et al., 1991). This
has an impact on the electrical performance of the cell since
the excess current will be transformed directly to heat.
Moreover, by comparing Figs. 3 and 4 with Figs. 6-9, it
is apparent that the germanium subcell will never limit
the current output.

4.2.2. Total open-circuit voltage

The V,. dependence on temperature under variable A M
is plotted in Fig. 10. Increasing temperatures result to an
increase in the Jy which, in turn, decreases the V. (see also
Eqgs. 2, 3 and 6). The relative temperature coefficient range
is between —0.16%/K for AMID to —0.18%/K for
AMI15D. This shows that there is only a weak dependency
of AM change on the V,. temperature coefficient. By
increasing the AM, the V,. decreases by 0.48%/AM at
25°C, 0.56%/AM at 45°C, 0.61%/AM at 65°C and
0.63%/AM at 75°C. This reduction is due to the J,,
decrease.

Table 2

Inputs of electrical model.

Subcell o (eV/K) B (K) E,at 0K (eV)
1 472 x 107 269 1.86

2 539 x 107* 204.7 1.495

3 477 x 1074 235 0.756
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Table 3
Fitting parameters for CIMJ single diode model adopted directly from
Segev et al. (2012).

Kk (A/(cm’K*))

Subcell y n

1 1.833 x 1078 1.81 1.89

2 2.195 x 1077 1.86 1.59

3 1.9187 x 1073 1.44 1.43
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50

Short-circuit current density (A/m2/nm)
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350 400 450 500 550 600 650 700 750 800 850 900 950
Wavelength (nm)

Fig. 6. Short-circuit current density distribution of top and middle subcell
under 500x and AM1.5D as a function of temperature.
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Fig. 7. Short-circuit current density distribution of bottom subcell under
500x and AM1.5D as a function of temperature.

4.2.3. Efficiency

Since the bottom subcell will never limit the current (as
explained in Section 4.2.1.) the ratio of the top to the mid-
dle subcell’s short-circuit current density (X = Jy.1/Js.2) is
used for comparison. Fig. 11 shows that the maximum effi-
ciency is achieved when the top and middle subcells are
current matched under any temperature. Also the middle
subcell is the current limiting cell only for air mass values
lower than AM1.5D while for all other air mass values
the current limiting subcell is the top subcell. X is shown
only for 25 °C for clarity purposes because it is very close
to the short-circuit current ratio at higher temperatures
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Fig. 8. Effect of AM on short-circuit current density distribution of top
and middle subcell under 500x and 7. = 25 °C.
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Fig. 9. Effect of AM on short-circuit current density distribution of
bottom subcell under 500x and 7. = 25 °C.

(X at 75°C is 0.58% higher for AMID and 3% for
AMI15D).

4.2.4. Heat power

The analysis of the triple-junction solar cell’s electrical
output is important to quantify the heat power which is
produced and needs to be dissipated by the cooling mech-
anism. In order to calculate the heat power over a range of
air mass values and temperatures, Eq. (10) is used. The
maximum heat power is found to be 25.5W at AMID
and 75 °C (Fig. 12). Inset graph in Fig. 12 shows the air
mass values of interest for the thermal model; thermal
issues are not significant for AM > AM2D, since any cool-
ing mechanism which is designed to dissipate the heat at
AM < AM2D, will be adequate for any range of higher
air mass values.

4.2.5. Current mismatch effect on heat power
The maximum heat power produced on the cell due to
current mismatch is quantified using Eq. (16) (Rabady,



M. Theristis, T.S. O’Donovan/ Solar Energy 118 (2015) 533-546 541

3.20
- —m—25°C
354 Mm__ e 45C
Tm —A—65°C
3.10 4 i N st
) — —o—
3054 ®eo_ e
\\.\\\ -\.
3.00 - O N
A O i
S 295 A, ® e LR
= o e ~e__
§ 29049 AL o
8 ek AL "o
> 5] o A ® e
o . \A\“\A —e
2.80 4 O~ A
~o_ -,
2.75 D AL
o 2
2.70 4 O s
265 - o
— T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

AM

Fig. 10. C1M]J total open-circuit voltage at CR = 500x under variable air
mass and cell temperature.

2014) and is shown graphically in Fig. 13. The minimum
heat power due to current mismatch is found when the
top and middle subcells generate the same current (i.e.
under AM1.5D), however the increasing operating temper-
ature shows a reduction of 13% which is due to the reduc-
tion of the E, which in turn reduces the V. For
AM > AM2D the heat increases sharply because a subcell
limits the current until AM > AM7D where the heat power
is reduced mainly due to the decrease in the spectral irradi-
ance intensity.

3

qheat,CM < lest‘,i - Itotul| : VOC,I’ (16)
1

4.2.6. Validation of electrical model

For validation purposes, the electrical model was simu-
lated for CR=555x, #,,,=1 and was compared with
measured data from Kinsey and Edmondson (2009). The
CIMIJ short-circuit current density values were adopted
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Fig. 11. Ratio of top to middle subcell’s short-circuit current density, X at
25 °C (left black axis) and cell’s efficiency (right blue axis) at CR = 500x
over a range of air mass values and cell temperatures. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

26 1 26
24 —'l
22
20 4
18 4

16

qﬁea{ (VV)

14 4

12

10 4

T T T T 1 1
9 10 11 12 13 14 15

Fig. 12. Heat power at CR = 500x over a range of cell temperatures and
air mass values; inset graph shows the air mass values of interest for the
thermal model.
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Fig. 13. Maximum heat power produced on the solar cell due to current
mismatch for a range of air mass values and operating temperatures at CR
=500x.

directly from Kinsey and Edmondson (2009) for the four
measured temperatures. The RMS error for the efficiency
was calculated according to:

Z;n:I (ncell,meas‘(TC) - nce//Acalc(TC))z
m

RMSE =

; (17)

where 9 e meas 1 the measured electrical efficiency at 7,
from Kinsey and Edmondson (2009) and #.e17 care 18 the cal-
culated electrical efficiency from the model. These are
shown graphically in Fig. 14 for RMS error 0.25%.

4.3. Thermal model (FETM)

The calculated heat power from the electrical model was
used as an input to the thermal model. The geometry and
thermal boundary conditions of the CIMJ model are
shown in Fig. 15 and Table 4. The 3] solar cell is modelled



542 M. Theristis, T.S. O’Donovan/ Solar Energy 118 (2015) 533-546

0.380

Model, CR=555x

® Kinsey and Edmondson, (2009), CR=555x
0.375 °

0.370
0.365

0.360

77:9//

0.355

0.350

0.345

0.340 ————————————————————————
20 25 30 35 40 45 50 55 60 65 70 75 80

Fig. 14. CIMJ efficiency under variable cell temperature for AM1.5D, CR
=555%, Hopy =1 and comparison with published data, Kinsey and
Edmondson (2009).

as one entity (Germanium cell) because the top and middle
subcells are much thinner than the bottom and therefore
they would not affect the thermal model. This statement
is confirmed by Chou et al. (2012). The solar cell is
attached on a DBC substrate which is made of
copper/Al,O; ceramic/copper. The electrical connections
are made of silver. The cell is connected to a 12A
Schottky diode which, for simplicity is not modelled. The
CCA (solar cell, DBC, connections) is modelled for this
application in order to be more generally applicable and
not specific to one particular module where all the bespoke
design of packaging materials would need to be introduced.
The thermophysical properties and dimensions are listed in
Tables 5 and 6 respectively.

The simulation ran using the Generalised Minimal
RESidual method (GMRES) which is an iterative solver.
The CCA configuration was meshed using the physics

Table 4
Thermal boundary conditions.

No Region

1 C1MJ solar cell surface

2 All free surfaces on top
and sides

3 All free surfaces

4 Back plate surface

Boundary condition

Heat source as found from EM Eq. (10)
Natural convection

Surface to ambient radiation

Variable convective heat transfer
coefficient (Table 1)

Variable ambient temperature (Table 1)
Initial temperature (=25 °C)

5 Ambient
6 All surfaces

Table 5

Materials’ thermophysical properties.

Material k (W/(mK)) Cp (J/(kgK)) p (kg/m?) €
Germanium 60 320 5323 0.9
Copper 400 385 8700 0.05
Al,O3 Ceramic 30 900 3900 0.75
Silver 430 235 10,490 0.03
Table 6

Assembly’s dimensions.

Layer Thickness (mm) Length (mm) Width (mm)
CIMIJ solar cell 0.19 10 10

Copper 0.25 24 19.5

Al,O5 Ceramic 0.32 25.5 21

Copper 0.25 25 20.5

Busbar 0.006 10 0.305
Contacts 0.025 10 3.5

controlled mesh sequence as part of COMSOL. A mesh
independency analysis was conducted by progressively
increasing the number of elements until the temperature
change was minimised; this was found to be at approxi-
mately 400,000 elements. Due to significantly lower com-
putational time and relatively small error of 0.03% in

Fig. 15. Geometry and thermal boundary conditions of 3D C1MJ thermal model.
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maximum temperature, a fine mesh setting with 237,288
elements over a 435 mm® mesh volume was used.

The 3J C1MJ solar cell is modelled as a heat source. All
the free areas at the top release heat to the environment
through external natural convection and surface radiation.
The back-plate’s surface (copper) releases heat to the envi-
ronment through surface to ambient radiation and also
convection where the convective heat transfer coefficient
is varied and discussed in greater detail in this section.
The air temperature is also varied. For reliability purposes,
all the cases up to a cell temperature of 100 °C are exam-
ined, as the cell can degrade if operated at higher tempera-
tures for a prolonged time (Espinet-Gonzdlez et al., 2014).

2
Yol ox

As described in Section 3 and the flowchart in Fig. 2, the
integrated model runs iteratively for an initial temperature
of T.(s)=25°C; the electrical model calculates the heat
power at 25°C and the thermal model runs for steady
state. The calculated 7T.(s + 1) from the thermal model is
then imported back to the electrical model to calculate
the heat power at T.(s + 1). The iterations are continued
until a difference lower or equal to 0.002 K is achieved.
Fig. 16 shows the integrated volumetric solar cell’s temper-
ature after 6 iterations for convective heat transfer coeffi-
cients ranging from 1200 W/(m°K) to 1600 W/(m>K) and
a constant 7, = 35 °C. The solution is shown to converge
in all cases after the 3rd iteration.

Fig. 17 shows the temperature distribution across the
CIMJ solar cell for AMID, h,,,, = 1600 W/(m°K) (i.e.
Ry = 1(hepm A) = 1.22 K/W, area of 5.13 x 107*m?)
and T,,;,=45°C. A maximum temperature of 90.33 °C
is observed in the centre of the cell while the temperature
of the top layer of the DBC board, which is not illumi-
nated, is from 70 °C at the edges to 80 °C near the cell.
The integrated volumetric temperature of the solar cell is
86.82 °C.

In Fig. 18, the solar cell’s temperature is estimated for
1200 W/(m?K) < heop < 1600 W/(m?K) and 25 °C < T
< 45°C. Each point in the graph represents 5 simula-
tions/iterations as shown in Fig. 16. Ambient air tempera-
ture has a strong influence on the cell’s temperature, with
approximately degree directly proportion increase in tem-
perature with air temperature. At AM1D, where the inte-
grated direct spectral intensity is 988.8 W/m? and an
ambient temperature of 45°C, the CIMJ CCA can be
cooled sufficiently by a convective heat transfer coefficient,

A 90.328

90

80

70
¥ 69.707

Fig. 17. Temperature distribution (°C) across the C1MJ CCA for /., = 1.6 kW/(m2K) and T, =45°C.
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35°C, red 45 °C). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

heons > 1200 W/(m?K) if a maximum operation tempera-
ture at 100 °C is assumed. However, if the maximum tem-
perature is set at 90 °C, then #,,,, should be higher than
1400 W/(m?K). For the same spectral conditions and ambi-
ent temperature of 35 °C, a heat transfer coefficient, /.,
> 1200 W/(m?K) can adequately cool the solar cell’s tem-
perature well below 90 °C.

At AMI1.5D conditions and ambient air temperature of
35 °C, the maximum solar cell temperature is 81.93 °C for a
surface  convective heat transfer coefficient of
1200 W/(m’K) and as low as 72.12°C for /fipm
= 1600 W/(m’K). However, under extreme conditions
(T 4y = 45 °C), the maximum temperature is 92.59 °C for
heons = 1200 W/(m?K) and  82.64°C  for  heons
= 1600 W/(m?K). At higher values of air mass, a higher
thermal resistance is adequate and therefore, only up to
AM2D are presented. It is also shown that Ry,
<1A4K/W (B > 1400 W/(m?K)) can be sufficient to
maintain the cell below a safe operating limit without risk-
ing any long term degradation of the system. For locations
with ambient temperatures lower than 40 °C, a higher heat
sink thermal resistance may be acceptable.

5. Conclusions and future work

An integrated solar spectrum dependent
electrical-thermal model is described for 3J solar cells
under concentration followed by an application for the
CIMJ CCA. While other traditional models predict the
cooling requirements and thermal behaviour using con-
stant parameters (AM1.5D or Global, 7, =25 °C, con-
stant electrical efficiency) or empirical data from
regression analysis, these models are not applicable to
other assemblies since the geometry varies for different
manufacturers. Also, since the solar spectrum is transient
during the day, the AM1.5D does not offer representative

results of the realistic operation of the solar cell in the field.
Instead, designing the cooling or heat sinking requirements
at AM < AM1.5D is much preferable because the 3J solar
cell is not current matched and also because the heat is
higher, due to higher solar radiation intensity.

This model examines the thermal behaviour of 3J solar
cells under variable air mass, ambient temperature thus
electrical characteristics and therefore, it can accurately
quantify the thermal power which needs to be dissipated,
including the excess thermal output due to current
mismatch.

It is found that CPV single cell configurations of 1 cm?
area, can be adequately cooled passively with a heat sink
thermal resistance below 1.63 K/W while for locations with
extreme ambient conditions, a thermal resistance less than
1.4 K/W is needed to keep the CCA operate under 90 °C.
Solar cells with lower area can withstand higher concentra-
tions for the same thermal resistance values or higher ther-
mal resistance at CR of 500x.

This study investigates the thermal behaviour of a solar
cell assembly; however the concentrator optics are not
modelled in terms of their spectral transmittance or reflec-
tivity as a function of temperature. Increasing temperatures
on refractive optics will result in a change in the refractive
index of the lens due to thermal expansion; this will lead to
an increase in the focal length and therefore change the
overall system power generation (Hornung et al., 2012).
Also, the non-uniformity of the irradiance on the surface
of the solar cell has not been considered in this work;
Jaus et al. (2008) considered the inhomogeneous intensity
of the sun by dividing the solar cell area into different
regions. Jaus et al. (2008) did not consider the spectral
dependent irradiance, which is considered here. If the spec-
tral optical efficiency as a function of temperature and the
inhomogeneity of spectral irradiance are incorporated in
the model, the accuracy of the model is likely to be
increased further.
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