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ABSTRACT

In this study, the thermal behavior of perovskite panels is modeled in different ambient conditions, and
simulated operation temperatures are compared with those of more commonly studied silicon solar panels. One
specific need is for temperature model parameters for perovskite panels, to make, for instance, photovoltaic
power prediction models that are more consistent with those of silicon solar panels. While the operating
temperature of perovskite panels has gained less attention, it impacts their stability more compared with
silicon devices. The applied 3D model allows studying the effects of varying ambient conditions on the
heat distribution and temperature of commercial-sized panels. The results show that replacing the standard
crystalline silicon with a typical perovskite absorber of ca. 1.6eV band gap as the active material may
significantly reduce the module temperature in normal operation: the modeled average cell temperature
of the perovskite module was ca. 7°C less than that of the silicon module under reference conditions
(ambient temperature 20°C, wind speed 1m/s, and solar irradiance 800 W/m?). The novelty of the study is
the predicted set of perovskite-module-specific model parameters for the Sandia (¢ = —-3.77, b = —0.129),
Faiman (U, = 37.93W/m’K, U;, = 1047 Ws/m*K), PVsyst (U, = 19.29W/m’K, U, = 5.27 Ws/m’K), Mattei
(Upy =4.490+16.65, v is the wind speed), and TRNSYS (U, ., = 4.54v+ 16.38) models that were determined by
fitting these models to the simulated temperature data in the varying ambient conditions. These parameters
enable estimation of perovskite panel temperature in varying outdoor conditions with existing PV system

models.

1. Introduction

Perovskite solar cells (PSCs) are promising for photovoltaic (PV)
applications due to their high power conversion efficiency (PCE), tun-
ability of material composition and band gap, short energy payback
time, and potential for low-cost fabrication [1]. For example, high-
efficiency minimodules have been realized with certified efficiencies,
reaching as high as 22.4 + 0.5% and 18.6 + 0.7%, respectively, for
minimodules (10 — 200cm?) and small modules (800 — 6500 cm?) [2].
There is very active research on the key issues of improving stability
and developing upscaling [3]. As the technology advances toward
commercialization, there is an interest in developing, for example, per-
formance assessment models for perovskite solar devices that align with
commercial softwares used for silicon solar panels, such as PVsyst [4],
to provide insights into the power production during the panel lifetime.
A common choice for considering PV efficiency dependence on cell
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temperature is semi-empirical temperature models, which require cell-
specific model parameters [5-11]. Due to the current development
stage of perovskite technology, there are limitations in the long-term
temperature measurements of perovskite panels required to produce
semi-empirical temperature model parameters. Thus, this study predicts
the temperature model parameters for perovskite panels based on the
modeled data.

For commercial PV systems, it is important to predict their power
production, which is inherently dependent on the weather due to varia-
tions in solar irradiation. Further, module operating temperature affects
the efficiency of solar cells [12], causing additional dependence on the
ambient conditions. The temperature dependent module performance
models allow the system designers to account the effect of varying
operation conditions to the PV energy yield unlike the standard test
condition ratings that are only useful for estimating the peak perfor-
mance of the system [13]. In addition, understanding the operating
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Nomenclature

a Spectral absorption coefficient

Xt Total absorption coefficient

Peg Temperature dependence of band gap
(meV/K)

br Temperature coefficient of efficiency

€ Surface emissivity

7, Electrical efficiency

A Wavelength (nm)

PCE, ¢ Reference power conversion efficiency

p) Density (kg/m?3)

c Stefan—Boltzmann constant

i Normal vector of the boundary

q Heat flux (W/m?)

A Constant component of Upy (W/m?K)

a Sandia model parameter (constant)

B Wind coefficient of Upy (Ws/m>K)

b Sandia model parameter (wind coefficient)

I Specific heat capacity (J/kgK)

E, Band gap (eV)

G Plane-of-array irradiance (W/m?)

G, Solar irradiance spectrum (W/m?)

G.et Reference plane-of-array irradiance
(W/m?)

h Convective heat transfer coefficient
(W/m?K)

K Thermal conductivity (W/mK)

kg Boltzmann constant

L Layer thickness (pum)

L. Cell thickness (m)

n Ideality factor of the cell

0 Heat generation (W/m3)

q Elementary charge

T Temperature (°C)

Tomb Ambient temperature (°C)

Teen Cell temperature (°C)

Ty Module temperature (°C)

Tref Reference temperature (°C)

Uip Faiman model parameter (constant)
(W/m?K)

Uy, Faiman model parameter (wind coefficient)
(Ws/m’K)

Ul oss0 Constant component of Uj o, (W/m*K)

Ul oss1 Wind coefficient of Up .., (Ws/m>K)

Uloss TRNSYS model parameter (W/m?K)

Upy Mattei model parameter (W/m?K)

U, PVsyst model parameter (constant)
(W/m?K)

U, PVsyst model parameter (wind coefficient)
(Ws/m*K)

v Wind speed (m/s)

Voc et Open circuit voltage of the cell in T,; and
Gref

temperature is expected to be more critical for PSCs than traditional
solar panels, such as silicon, because the stability of PSCs is nega-
tively impacted by high module temperatures [14-17]. Therefore, high

temperatures are particularly undesirable in perovskite solar modules.

Solar Energy Materials and Solar Cells 290 (2025) 113657

The module operating temperature depends on multiple factors that
can be categorized as ambient conditions, such as the temperature,
wind speed, and solar irradiance, as well as design factors that include,
for instance, the installation, module design, and active material prop-
erties [18-21]. The effects of ambient conditions and design factors
on the operating temperature can be modeled with physical device
models based on thermal device physics (that is, heat generation and
transfer) and material properties [18,19,22-24]. Alternately, (semi-
Jempirical models can be applied to predict the module temperature
directly from the ambient conditions. In this other group of models,
a mathematical expression is formulated and the model parameters
include the information on the heat generation in the module and heat
transfer from the module to the environment [5-11].

Several semi-empirical models that predict the temperature of PV
modules with respect to the ambient conditions are described in the
literature [5-10,21,25-30]. Such models are easy to apply and integrate
into large-scale system models to account for the impacts of weather on
PV systems. However, the model parameters may depend on, for exam-
ple, the module type and installation, and they need to be determined
experimentally or computationally for a specific case [5,31]. Most of
these models include the effect of varying wind speeds on the module
operating temperature [5-9,25,28-30]. However, especially the older
temperature models often ignore the wind speed [10,21,26,27]. The
temperature estimation accuracy of models including wind speed has
been reported to be notably higher in comparison with models that
do not take wind speed into account [21]. This study predicts model
parameters to be used for a perovskite solar panel with the Sandia [5],
Faiman [6], PVsyst [7], Mattei [8], and TRNSYS [9-11] models, based
on simulations with our physical device model including the thermal
processes. These five models are investigated in more detail as they
include the effects of wind speed and are well established in PV module
modeling [10,21,31].

Some research has been conducted on the heat distribution in
PSCs [32-34]. In these studies, the heat distribution within the solar
cell is investigated through COMSOL Multiphysics, which is a numerical
simulation software that can be used to model, for instance, temper-
ature and heat transfer. The electrical behavior, optical absorption,
and heat conduction and convection are considered to understand the
vertical heat distribution across the PSC layers [32,33]. In addition, the
effect of the bottom electrode material on the thermal behavior of the
cell is discussed [32,34]. Thermal models that study the temperature of
an individual PSC under steady state and changing environmental con-
ditions are also presented in the literature [35-37]. However, studies on
the operating temperature of commercial-scale perovskite solar panels
are scarce. As shown by thermal studies of silicon panels, temperature
varies in the modules in horizontal dimensions [19,22]. Importantly,
the literature lacks the perovskite-specific model parameters for the
considered module temperature models.

In the literature, several thermal models study the temperature
and the heat distribution of silicon PV panels in various ambient
conditions [18,19,22,23]. However, a typical perovskite absorber has,
for example, a notably larger band gap compared with silicon. The
larger band gap is expected to result in reduced heat generation within
the panel [20] and, hence, in a lower operating temperature of the
panel [20,37]. Thus, the hypothesis in this study is that the existing
model parameters of the current module temperature models do not
accurately predict the operating temperature of a perovskite panel. The
aim is to find more suitable parameters by computational simulation.

In this study, the heat distribution and temperature of perovskite
solar panels are investigated using COMSOL Multiphysics and com-
pared with silicon solar panels. The effects of ambient temperature,
wind speed, and solar irradiance on the module temperature are con-
sidered. The thermal model presented in this study was validated using
experimental data from a silicon solar panel. Common PV tempera-
ture models, namely the Sandia, Faiman, PVsyst, Mattei, and TRNSYS
models, are fitted into the computationally simulated temperature data



J. Varjopuro et al.

Perovskite

Glass 3 mm

Glass 3 mm

Silicon

Glass 3 mm

Glass 3 mm

Fig. 1. Illustration of the solar module design (right) and the components in the silicon
and perovskite modules (left).

in varying conditions, and the model parameters are obtained for
and compared with different panel types. Therefore, the results pre-
dict perovskite-panel-specific model parameters that are required to
simulate the panel temperature with the aforementioned PV temper-
ature models. The new parameters enable the easy implementation of
perovskite panel thermal modeling in PV system models that already
apply these temperature models by the use of a simple parameter
change. The panel type specific parameters can improve the perovskite
panel temperature estimation, thus benefiting system design and power
production estimation in outdoor conditions.

2. Methods
2.1. Model geometry and material properties

To study the temperature and heat distribution of the perovskite and
silicon modules, three-dimensional (3D) COMSOL models were applied.
The codes for running the simulations are openly available [38]. The
3D models of both modules are equal in size to allow direct comparison.
The size of an individual cell is 15.6cm X 15.6cm, and the distance
between adjacent cells is 1cm. The dimensions of the whole module
are 200.2 cm X 100.6 cm. The perovskite module consists of a back glass,
ethylvinylacetate (EVA), PSCs, and a front glass. The silicon module
consists of a back glass, EVA, silicon solar cells, and a front glass. In
the perovskite module, the cells are placed between the front glass
and EVA, whereas in the silicon module, the cells are placed between
two EVA layers. One EVA layer is 0.5 mm, and both the front and back
glass layers are 3mm thick in all cases. The solar module design and
components of both module types are shown in Fig. 1. It should be
noted that both silicon and perovskite panels are monofacial despite the
back surface glass. The applied panel structure is based on the silicon
panel that was used for model validation, and the same structure is con-
sidered for the perovskite panel for comparability. The monofaciality is
due to the metallic back contact of the cells. Despite the fact that the
back surface material could affect the module temperature via altered
back surface cooling, the effect is expected to be similar for both panel
types, and thus, the relative difference between the temperatures of the
two panel types is expected to generalize quite well with different back
surface materials.

The modeled PSCs consist of Au, Spiro-OMeTAD, MAPbI;, TiO,,
and FTO layers. However, these individual layers of PSC are very thin,
usually varying from 50nm to 500nm. Therefore, it is impractical to
model each layer of the PSCs separately because of the large aspect
ratio between different dimensions considering the size of the solar
module. In this case, all perovskite cell layers are treated as a uniform
material and modeled as one thin film layer. The silicon solar cells are
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Table 1
Material properties of glass, EVA, PSC, and silicon, and the thicknesses of glass and
EVA.

Glass [19] EVA [19] PSC Silicon [19]
K [W/(mK)] 2 0.311 [33,33,1]% 130
plkg/m’] 2450 950 5620.3 2330
¢, [J/(kgK)] 500 2090 305.7 677
L [mm] 3 0.5 - -

2 Thermal conductivity of PSC is anisotropic due to its multilayer structure. The
conductivity is given in [x, y, z] directions.

also modeled as a thin film layer. The material properties and layer
thicknesses set for the thermal models of perovskite and silicon solar
modules (Table 1) are based on literature values and a separate PSC
model that was applied to study the properties of the artificial, uniform
PSC layer. The details of the PSC layer model are described in the
Supporting Information Section 1.

2.2. Heat transfer

The temperature profiles of the modules are determined by Fourier’s
law of heat conduction

g=-KVT, €y}

where g is the heat flux, K is the thermal conductivity, V is the gradient
operator, and T is the temperature, and the heat equation which states
that, in steady state,

0+ KVT =0, )]

where Q = V - 7 is the heat source.

Basic heat transfer modes are convection, conduction, and radiative
heat transfer. Convection is a significant heat transfer mode between
the module and its environment [19]. Including convection in the
thermal model is essential, especially when the aim is to study model
temperatures in varying outdoor conditions. This study applies a forced
convection coefficient that depends on wind speed, unlike free con-
vection. In some cases, for example, in very low wind speeds, free
convection may be relevant to the modeling [39]. However, Notton
et al. [39] concluded that considering free convection does not im-
prove the performance of the model. Further, the forced convection
coefficient offers similar values in calm wind conditions to the free
convection coefficient [24]. The coefficient would not be zero even if
the wind speed was zero. In this model, convective heat flux is applied
to all external surfaces, and it is defined by Eq. (3) [40]:

=i+ G=hTy — T, 3

where 7 is the normal vector of the boundary, ¢ is the convective heat
flux, h is the convective heat transfer coefficient, T, is the ambient
temperature, and 7}, is the module surface temperature.

The convective heat transfer coefficient is defined according to
Eq. (4) [41]:

—28( Ws
n=2s () +3 () @

where v is the wind speed. The convective heat transfer coefficient’s
dependence on the wind speed can be utilized to investigate the effect
of wind speed on the module temperature. On the back and side sur-
faces of the module, & is assumed to be half of that on the front surface
to account for reduced cooling on the back side [19,42]. However, it
seems that only the effective convective coefficient matters for cooling.
That is, it does not matter whether the coefficients are larger, smaller
or equal to each other on the front and back sides but, rather, the
sum of the applied coefficients (Figure S3). Several alternatives to the
heat transfer coefficient are presented in the literature, and the choice
of appropriate coefficient is influenced, for example, by the mounting
structure and tilt angle of the module [43].
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The selected coefficient for convection excludes the radiation term
[41,44]. Instead, radiation from the panel surfaces to the environment
is determined as inward heat flux by Eq. (5) [40]:

—h-g= eo(T:mb - T:l), 5)

where ¢ = 0.85 is the surface emissivity and o is the Stefan—Boltzmann
constant.

2.3. Heat generation

Heat generation is defined as
1- ”e(G’ Tcell)) Aot (Tcell) G
I )

cell

0, Teey) = ( (6)

where G is the plane-of-array (POA) irradiance, T is the cell tempera-
ture, 7, is the electrical efficiency, «,,, is the total absorption coefficient,
and L. is the cell thickness (the unit of heat production is power
per volume) [19]. a, is determined as a weighted average of spectral
absorption where the weighting factor is the spectral irradiance of a
global AM1.5 spectrum [45]. #, and «,, determine the electrical and
optical operation, respectively, to account for the different types of
losses separately. The total absorption coefficient is the fraction of
solar irradiance that is absorbed by the cell including all the layers,
and it depends on the temperature due to the band gap temperature
dependence. The heat source is applied to the cell layers because that
is where the energy conversion, both to electricity and heat, occurs.

The most significant difference between silicon and PSCs, from a
thermal point of view, is expected to arise from their different band
gaps, because the band gap (E,) largely determines absorption and
thermalization, and, thus, heat generation in the cells [20,46,47].
Therefore, ,, and 7. are defined as functions of E, in the spirit of
Ref. [45]

Ag(Teen) 4000 nm 4000 nm
Ao (Toe) = [/ @y, G,-‘dl+/ L) GAdA]// G,dir (7)
300nm N Ag(Teen)) N 300 nm

PCE (G, T.o)

alm(Tcell) (8)
where G, is the solar irradiance spectrum and 4, is the wavelength
corresponding to E, = E,(T = 25°C) + fg,(T.q — 25°C), where
B, is the temperature dependence of the band gap [48,49]. Spectral
absorption coefficients a; ; = 0.95 and @;5; = 02 in the absorp-
tion integrals define that 95% or 20% of irradiance, respectively, is
absorbed if the corresponding photon energy is above or below the
band gap. The spectral absorption coefficient of 0.95 was chosen based
on the low reflectance of around 5% for above band gap energy range
reported for both silicon [50] and perovskite [51] solar cells. The
spectral absorption coefficient of 0.2 for below band gap irradiation
defines the parasitic absorption due to absorption especially in the
back reflector/electrode [50]. PCE,; is the reference power conversion
efficiency (in T, = 25°C and G,y = 1000W/m?) and is defined
to be 20% for both module types. Otherwise, the temperature and
irradiance dependence of PCE [12,52-55] is considered by defining (see
Supporting Information Section 2)

ne(G’ Tcell) =

nkBTref G
PCE (G, T,y = PCE, [1 + —ln(—)] (1 + fr(Toey — Toep))» (9)
OC.ref 4 Gier
where n is the ideality factor of the cell, kg is the Boltzmann constant,
Vocrer is the open circuit voltage of the cell in reference temperature
and irradiance, ¢ is the elementary charge, and f; is the tempera-
ture coefficient of efficiency. The first term in parentheses in Eq. (9)
represents the irradiance dependence based on the V- irradiance
dependence. The fill factor is also susceptible to change under varying
irradiance, but it depends on several panel-specific parameters, such
as series resistance, which are not necessarily directly linked to the
choice of active material, and it is, therefore, omitted. The second
term in parentheses represents the temperature dependence of PCE
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and it is based on literature values describing the difference in PCE
under temperature change with the two active materials. The model
parameters for both module types are summarized in Table 2.

The choices of optical and electrical models aim to capture the es-
sential differences between perovskite and silicon solar cells. Different
module and cell design aspects, including a set of material parameters
and the device architecture defining the electrical operation of each
cell, are expected to affect, for example, a, 7., and, therefore,
Q; however, this goes for both module types, and the aim here is
to perform a temperature comparison between the module types as
equivalently as possible by focusing on their fundamental differences.
Different band gaps cause differences in heat generation, and different
temperature coefficients lead to the panels responding differently to the
increasing cell temperature. Amendments leading to improved accuracy
with a loss of generality are possible and encouraged when conducting
further research for a specific module; however, the presented key
properties should not be neglected.

2.4. Model validation

The thermal model described above was validated using on-site
weather and PV temperature data collected from the Finnish Meteo-
rological Institute’s (FMI) measurement site in Helsinki [61]. At the
measurement site, the PV system consists of monofacial polycrystalline
silicon panels (SolarWorld Protect SW 250 poly) that were installed in
2015. The panels are mounted at a tilt angle of 15° and an azimuth angle
of 135° on a flat roof at 17 m above ground. The POA irradiance, roof
air temperature, air temperature at 2 meters, and module temperature
were measured with 1 min resolution while 10m wind speed was
recorded every ten minutes. The module temperature was measured
inside insulated capsules from the back surface of the module at the
southwest (SW) and northeast (NE) corners of the PV system. The air
temperature at 2 meters and wind speed were observed at the nearby
weather station. A more detailed description of the experimental data
and the characteristics of the PV measurement site are provided by
Karhu et al. [61].

The measured POA irradiance, roof air temperature, and wind speed
were set as model inputs. The roof air temperature was chosen as
the ambient temperature because it describes the conditions around
the module more realistically than the air temperature measured at
the nearby weather station. The present thermal model was modified
to match the reference module at the measurement site of FMI by
replacing the initial PCE,; and p; with the values reported by man-
ufacturer of the reference module. The periods with a snow cover on
the surface of the module were excluded since the thermal model does
not consider the effects of snowy conditions. The snow filter removed
all observations during which the snow depth on the ground was more
than zero to ensure that the surface of the module was snow-free [62].
Measurement data from January to December 2020 (Figure S4) were
utilized in the model validation. To save computational resources,
the module temperature was not modeled at each point but rather
a representative set of data was selected (Figure S5). The number of
data points used for the model validation were narrowed down by
selecting the points closest to the specified environmental conditions
that widely represent possible combinations of ambient temperature,
wind speed, and irradiance. The specified environmental conditions
include ambient temperatures from 5°C to 30°C with steps of 5°C,
wind speeds from 1 m/s to 10m/s with steps of 1 m/s, and irradiances
from 100 W/m? to 1000 W /m? with steps of 100 W/m? and the Euclidean
norm was applied to choose the experimental points closest to these
points (Figure S5).

Finally, the simulated module temperature was compared with the
measured one (Fig. 2). Here, the simulated module temperature refers
to the maximum temperature of the module back surface because
it is expected to best describe the module temperature at the point
where the temperature sensor is placed during the measurement. The
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Table 2
Model parameters applied in Egs. (6)-(9).
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PCE, ¢ LZN X2,

E (T =25°C) Voc ref

n br ﬂEg

Si 20% 0.95 0.2
PVK 20% 0.95 0.2

1.12eV
1.57eV

0.6 [56,57]
1.1 [59]

1.3 [56,57] -0.35%/K [58] —0.273meV/K [48]
1.3 [59] —-0.17%/K [60] 0.25meV /K [49]
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Fig. 2. The simulated module temperature as a function of the average of the module
temperatures measured from the SW and NE corners. The dashed line illustrates the
ideal relationship between predicted and measured values.

highest temperature of the module back surface is reached at the point
corresponding to the center of any cell not located at the edge of the
module (Fig. 3) and the temperature of the FMI’s panels is measured
close to such points [61].

The present thermal model estimates the module temperature with
a root mean square error (RMSE) of 4.0°C, and mean absolute error
(MAE) of 3.2°C. The correlation coefficient is 0.963, which indicates
a strong positive correlation between the simulated and measured
module temperatures. Altogether, the evaluation metrics demonstrate
good performance of the present thermal model.

Furthermore, even better agreement between the simulation and
the experiment was achieved when only the temperatures measured
from the SW corner of the PV system are included in model validation
(Figures S6 and S7). The module temperatures measured from the
SW corner showed a good agreement with the simulated maximum
temperatures of the module back surface, as the RMSE was 3.2°C,
MAE was 2.3°C, and correlation coefficient was 0.964 (Figure S6a).
Additionally, a reasonable agreement between the measured data and
the simulated average temperature of the module back surface was
found (Figure S6b). The more accurate model prediction based on the
temperatures measured from the SW corner is likely due to the wind
flow conditions on the roof of the FMI’s site. At the SW corner of the PV
system the wind can flow more freely along the panel array, whereas at
the NE corner there are more obstacles. Furthermore, the actual wind
speed on the surface of the module is likely to be lower compared with
the measured wind speed because the wind can flow more freely at the
wind measurement station than on the roof on which the PV system is
installed. Uncertainty analysis showed that the applied factor of wind
speed in the convective heat transfer coefficient (Eq. (4)) is probably
too large for the specific installation because k = 2 (instead of k = 3)

provided better agreement with the experimental data (Figure S8 and
Table S2).

The validation with experimental data shows that the present ther-
mal model predicts the operating temperatures of the silicon module
in varying conditions well. As mentioned, the boundary conditions
of the thermal model were similar for both silicon and perovskite
modules. Thus, the differences in the module operating temperatures
arise from the material properties of the silicon and perovskite cells
and not from the physics of the heat transfer model. Consequently, it
is considered that the model predicts the temperature of the perovskite
module equally well.

3. Results and discussion

Initially, the module temperature at the maximum power point
(MPP) was calculated in reference weather conditions similar to the
basic nominal module operating temperature (NMOT) conditions, that
is, solar irradiance of 800 W/m?, an ambient temperature of 20 °C, and a
wind speed of 1 m/s [63,64]. The temperature of the perovskite module
was found to be lower than the temperature of the silicon module in the
reference conditions, as shown in Fig. 3(a). The operating temperatures
of both modules were observed through the fourth cell row from the
top, indicated in Fig. 3(c), at the cell surface level. The difference
between the perovskite and silicon module temperatures arises from
the wider band gap of the perovskite. The wider band gap decreases
absorption and thermalization and, consequently, heat generation.

The highest temperature of the perovskite solar module was 38.0 °C,
the average module temperature was 35.9°C, and the average cell
temperature was 36.4 °C, whereas the highest temperature of the sil-
icon solar module was 45.3°C, the average module temperature was
42.2°C, and the average cell temperature was 43.2°C. Here, the cell
temperature refers to the average temperature of all 72 cells, and the
module temperature refers to that of all module domains. The average
temperature of the module was lower than the average temperature of
the cells, because there is no heat generation in the module components
other than the cells. The temperature reached its highest value in the
centers of the cells and the lowest at the outer edge of the module.
The temperature also decreased toward the edges of the cells, and the
variation was regular through the module (Fig. 3). It is noteworthy
that the average temperature of the individual cells remained almost
the same, regardless of their location in the module. Only in the
outermost cells was the average temperature around 0.5°C lower in
comparison with the other cells for both module types. The results
appear realistic: the temperature of the perovskite layer in the reference
conditions is reported to vary between 36 °C and 42 °C, depending on
the installation [35]. For crystalline silicon, the module temperature at
the MPP is reported to vary between 42°C and 46 °C under the same
conditions [31].

Uncertainty analysis was conducted by varying below band gap ab-
sorption (a5, , see Table 2) from 0 to 0.4. The average cell temperature
in the reference conditions subsequently varied from 33.3 to 39.5°C
and from 41.8 to 44.6 °C, respectively, for perovskite and silicon panels
(Figure S9). «a,,, affected the operating temperature substantially,
because all below band gap absorption becomes heat. It cannot be
entirely eliminated either, for example, due to free electron absorp-
tion in the contacts. Large a,,, increased especially the perovskite
temperature because of the larger band gap and wider below band
gap range. Nevertheless, perovskite temperature was smaller across the
entire range.
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Fig. 3. (a) Temperature distribution in the perovskite (red) and silicon (blue) modules
in the reference conditions through the module, along the red dotted line marked in
figure part (c) representing the module cross-section. (b) Two dimensional temperature
distribution of the silicon module cross-section at the cell surface level within the
module (modeled in the reference conditions). (c¢) Illustration of the module cross-
section.

3.1. The effect of ambient conditions on module temperature

The ambient temperature ranged from —20°C to 50°C, and this
range is expected to cover most ambient temperatures throughout the
year in different geographical locations. Within the selected range,
the average cell temperature increased from —0.4°C to 64.3°C for
perovskite cells and from 6.7°C to 70.6 °C for silicon cells (Fig. 4(a)).
Comparable results have been presented in thermal analyses of silicon
solar modules [19,22]. Siddiqui et al. [22] reported that the tempera-
ture of the silicon cell increased by 47.8 °C (45.6 °C in the present study)
when the ambient temperature increased from 0°C to 50°C. Because
the model provides module temperatures similar to those presented
in previous studies for the silicon module, it is reasonable to assume
that the results are plausible for the perovskite module as well. The
average temperature of the cells rose almost linearly as the ambient
temperature increased (Fig. 4(a)) because, according to Eq. (3), if the
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heat generation is assumed to be constant, the convective heat flux
decreases with the increasing ambient temperature. The effect was
similar for both module types: the rate of change was 0.92°C/°C for
perovskite and 0.91°C/°C for silicon in both average and maximum
temperatures. However, the effect of ambient temperature is not fully
linear in reality, because Eq. (5) for the surface-to-ambient radiation
is non-linear and heat generation is also a function of temperature
(Eq. (6)).

When the wind speed increased from 0 to 10m/s, the cell temper-
ature of both the perovskite and silicon decreased rapidly at first, but
the temperature-lowering effect began to slow down at higher wind
speeds (Fig. 4(b)). At a wind speed of O0m/s (Fig. 4(b)), the average
temperature of the perovskite cells was 41.0 °C while that of the silicon
cells was 49.4 °C. As the wind speed increased, the absolute temperature
difference between the PSCs and silicon cells decreased. At a wind
speed of 10m/s, the average temperature of the PSCs was 25.6 °C while
that of the silicon cells was 28.2°C. The average temperature of the
perovskite and silicon cells decreased by 15.4°C and 21.2°C, respec-
tively, as the wind speed increased from 0 to 10m/s. These results are
in line with the dependence of the convective heat transfer coefficient
on the wind speed. That is, the convection coefficient increases linearly
with the wind speed (Eq. (4)). However, convective heat transfer
also depends on the temperature difference between the cell and the
ambient (Eq. (3)). Therefore, the actual temperature decrease of the
panel with the increasing wind speed slows down when approaching
the constant ambient temperature. The cell type did not affect surface
cooling, as the heat transfer coefficient was defined similarly for both.

The temperature of both the PSCs and the silicon cells increased as
the solar irradiance increased from 100 to 1200 W/m? (Fig. 4(c)) in line
with the increasing heat generation (Eq. (6)). The average temperature
of the PSCs rose from 22.2°C to 44.1°C within the modeled range.
The average temperature of the silicon solar cells reached 54.0 °C at an
irradiance level of 1200 W/m?. The increase in the temperature of the
perovskite cells was significantly lower in comparison with the increase
in the temperature of the silicon cells. Considering the average cell
temperature, the rate of change was 0.020 °C/(W/m?) for the perovskite
and 0.028 °C/(W/m?) for the silicon. In the case of the maximum cell
temperature, the rate of change was 0.022 °C/(W/m?) for the perovskite
and 0.031°C/(W/m?) for the silicon. The lower change of rate of the
perovskite cell temperature indicates that the perovskite module heats
less than the silicon module, which would be an advantage in high
irradiance conditions.

The combined effect of different ambient conditions, such as simul-
taneous high solar irradiance and low wind speed, led to considerably
high operating temperatures of both the perovskite and the silicon
cells (Figure S10). For example, at an ambient temperature of 40°C,
a wind speed of 0m/s, and solar irradiance of 1200 W/m?, the average
temperature of the perovskite cell was 67.1 °C and that of the silicon cell
was 78.4 °C. At the same solar irradiance but at an ambient temperature
of 0°C and wind speed of 10m/s, the cell temperature decreased by
58.6°C and 66.2°C for the perovskite and silicon, respectively (Figure
S10).

The physics of heat transfer govern the relationship between panel
temperature and the ambient conditions. Of the three modes of heat
transfer, convection and radiation dominate heat exchange between the
panel and its surroundings within normal PV operating temperatures.
The two were of the same order of magnitude: radiation was larger
at low wind speed while convection increased and became dominant
at higher wind speeds (Figure S11). Ambient temperature affects both
convection (Eq. (3)) and radiation (Eq. (5)) and wind speed affects
convection via heat transfer coefficient (Eq. (4)). Thus, wind speed and
ambient temperature define the passive cooling rate of a panel. Overall,
irradiance determines how much energy a panel receives, material
properties determine how much is converted to heat, and ambient
temperature and wind speed determine the cooling.
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Fig. 4. The effect of (a) ambient temperature, (b) wind speed, and (c) solar irradiance on the average and maximum temperatures of perovskite and silicon cells. The following
conditions were applied except the varied parameter: T, = 20°C, 1 m/s wind speed, and 800 W/m? irradiance (a—c). The lines are guides for the eye.

3.2. Model parameters of common PV temperature models for perovskite

In this study, computationally simulated module temperature data
under varying conditions were applied to the Sandia, Faiman, PVsyst,
Mattei, and TRNSYS module temperature models to determine the
model parameters for a perovskite solar module. The model parameters
are expected to be specific to module types; therefore, they were
evaluated separately for the perovskite and silicon modules from the
modeled data. Once the model parameters are determined, the module
temperature can be estimated as a function of the ambient temperature,
solar irradiance, and wind speed [5,31]. Furthermore, the module
temperature can be used to predict the efficiency, and, thus, estimate
the power production of the module.

The procedure of fitting the module temperature models into sim-
ulated model temperature data to gain the model parameters was
validated with the same experimental data as the 3D thermal model
itself was validated. The Sandia, Faiman, and Mattei models were
fitted with simulated module temperature data that were produced by
applying the 3D silicon panel model in different conditions (figure S12).
The Sandia, Faiman, and Mattei models and the model parameters,
acquired by the fits, were then applied to estimate the module temper-
ature, and the estimated module temperatures were compared with the
experimental data and predictions obtained by the same models using
literature parameter values (Figure S13 and Table S3). The parameters
obtained by the fits into the simulated panel temperature data produced
only slightly less accurate predictions compared with the literature

parameters (Table S3), which is a good result because no parameters
were fitted here in the physical 3D thermal model itself. Therefore, the
physical 3D thermal model can be used to generate credible simulated
module temperature data for fitting the other models in the event that
experimental data are not available.

The Sandia (Eq. (10)) [5], Faiman (Eq. (11)) [6], PVsyst (Eq. (12))
[7]1, Mattei (Eq. (13)) [8], and TRNSYS (Eq. (14)) [9-11] models
estimate the module temperature according to Egs. (10)-(14):

T = Ty + Gexp(bv + a) (10)
G
T =Ty + ——m 11
™ T g 0+ Uy an
Ga, (1 —PCE, )
T =T , 4o = —rret/ 12
m "~ Jamb Uv+U, e
Tm — UPVTamb + G[amt - PCEref - ﬂPCErefTref] 13)
Upy — PPCE, G
PCE
Tm = Tamb + Qo (1 - ref ) 5 (14)
Loss Aot

where a and b, U;, and Uy, Uy and U}, Upy = Bv + A, and Uj o, =
U o551V + Uy oss0 are the model parameters of the respective models. The
linear forms of Sandia (Eq. (15)), Faiman (Eq. (16)), PVsyst (Eq. (17)),
Mattei (Eq. (18)), and TRNSYS (Eq. (19)) are expressed as

log[(Ty, — Tymp)/Gl=bv+a (15)
G

— =U v+ Uy (16)
Tm - Tamb
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Table 3
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Parameters for the Sandia, Faiman, PVsyst, Mattei, and TRNSYS models using computationally simulated temperature data.

Perovskite

Silicon

Back surface min.” Back surface max.?

Cell average Back surface min.” Back surface max.” Cell average

Sandia b -0.148 -0.132 -0.129 -0.146 -0.129 -0.125
-3.86 -3.70 -3.77 -3.52 -3.36 -3.43
. U 22 14.34 10.12 10.47 9.96 6.93 7.15
Faiman K
Upol =21 39.43 35.19 37.93 28.42 25.28 27.17
U2 7.44 5.15 5.27 6.54 4.46 4.54
PVsyst
Uyl =21 19.47 17.74 19.29 17.97 16.31 17.67
Mattei Bl "\iF] 6.34 4.39 4.49 6.11 4.16 4.24
Al 16.81 15.33 16.65 17.28 15.73 17.01
TRNSYS Uposs1 [~ 6.22 4.39 4.54 6.02 4.19 4.32
Lossol g ] 17.02 15.19 16.38 17.23 15.32 16.47

2 Back Surface Min./Max. refer to the minimum and maximum temperatures of the panel back surface.

Gay (1 —PCE, ;)

=Uv+U, a7
Tm - Tamb
Glaio = PCEt = fPCE (T ~Toe)] _ ) 18)
Tm - Tamb
0t G(1 — PCE, ¢ / ;1)
tot ref / %tot — UL()ssl v+ ULossO ) (19)
Tm - Tamb

The linearized models were fitted into the simulated average tem-
perature of all the perovskite and silicon cells, respectively, as shown in
Figs. 5-9. The slopes of the fitted lines describe the effect of wind speed
on the module temperature, and the intercept coefficient defines the
upper limit of the module temperature at low wind speeds. The model
parameters for both the perovskite and silicon modules are summarized
in Table 3.

The parameters for the Sandia model were within the same order
of magnitude for both module types (Fig. 5). The model parameter
b was —0.129 for the perovskite module and —0.125 for the silicon
module when the average cell temperature was used in the model
fitting (Table 3). It was expected that parameter » would be almost
equal in both cases because the heat transfer coefficient (as a function
of wind speed) was defined similarly for both module types. The model
parameter a was 9—10% smaller for the perovskite module than for the
silicon module (Table 3). The smaller value of parameter a indicates the
lower temperature of the perovskite module. The obtained parameters
for silicon panel agree with previously reported values [5,31]. Koehl
et al. [31] reported that b = —0.13 and @ = —-3.37 (or a = —-3.38 in a
different year of experiments) in desert and » = —0.12 and a = —3.55
in mountain weather conditions, respectively. King et al. [5] presented
that b = —0.06 and a = —3.47 for an open rack mounted module with
glass/cell/glass structure. Slight differences, especially in parameter b,
can arise from the choice of the heat transfer coefficient that describes
in the model, for example, the effects of mounting configuration in
reality.

The Faiman model parameter U;;, which describes the effect of
wind speed, varied more between the different module types than the
similar Sandia model parameter b (Table 3). For the perovskite module,
U, = 1047Ws/m’K and Uy, = 37.93W/m?K and for the silicon
module, U;; = 7.15Ws/m?K and Up,, = 27.17W/m?K were obtained
when applying the model to the average cell temperature data (Fig. 6).
The smaller value of the parameter U, for the silicon module compared
with the perovskite module relates to the smaller value of U, leading
to a higher estimated module temperatures. The reported experimental
parameters for silicon solar modules [6,31] are similar as the pa-
rameters evaluated from the modeled data (Table 3). Faiman studied
the temperatures of seven different type of mono- and polycrystalline
silicon solar cells experimentally and concluded that on average U; | =
7.00 + 0.55 Ws/m’K and U;, = 24.9 + 1.0 W/m?K [6]. Koehl et al. [31]
evaluated that U, = 6.11 — 6.24 and Uy, = 26.86 — 26.92W/m?K in
desert and U, = 7.77Ws/m3K and U, = 28.04 Ws/m’K in mountain

conditions. Koehl et al. [31] also evaluated the parameters for amor-
phous silicon, CIS, and CdTe solar modules based on experimental data,
and the results showed that the model parameters change based on the
module type, as was the case in the current study as well.

Considering absorption and PCE as separate model parameters re-
duces the difference in the cooling parameters between different panel
types, as indicated by the PVsyst model fit compared with the Faiman
model fit (Table 3). Uy = 19.29 % and U, = 5.27 “\g; for perovskite
and U, = 17.67 mTWK and U, = 4.54 [:;’—; for silicon were obtained (Fig.
7). Otherwise, models are alike, but Faiman model parameters typically
include optical and electrical efficiencies [6] (see Egs. (16) and (17)).

The fitted Mattei model parameter Upy, was almost equal for per-
ovskite and silicon modules: Upy was 21.1 W/m?K for the perovskite
module and 21.2W/m?K for the silicon module at the wind speed of
I m/s (based on average cell temperature, Table 3, Fig. 8). Almost
equal model parameters for both modules are explained by the same
heat transfer coefficient. It is noted that despite the same heat trans-
fer coefficient, different thermal material properties were considered
for perovskite and silicon (Table 1). However, the effect of different
thermal properties on the absolute temperature difference across the
cells is small due to thin cell layers (Figure S14). As Upy was equal
for the different module types, the differences between module types
in Mattei model are included in model parameters other than Upy, that
is, in a,, B, and PCE,. The difference between the two panel types
is highlighted by «,; which was defined according to Eq. (7) resulting
in ¢ ~ 0.63 for the perovskite and «,, =~ 0.81 for the silicon (in the
reference temperature of T = 25°C).

In the literature, Upy is stated to be either 28.9 or 27 W/m?K
when the wind speed is 1m/s, depending on whether value of ar
is optimized or 0.81 [8]. Therefore, the expression of Mattei model
parameter is either Upy = 2.3v + 26.6 or Upy = 2.9v + 24.1 [8]. In the
present study, the fitted Upy was significantly lower leading to higher
module temperature. It is claimed that Mattei model underestimates the
module temperature at high irradiances [21]. The difference between
the current and Mattei model is most likely due to the way the heat
transfer coefficient is defined. It should be noted that radiative heat
transfer is explicitly neglected in Mattei model [8] while it is included
in here, which is why the convective cooling coefficients should not be
directly compared.

As with the Mattei model, the TRNSYS model parameter U, was
almost equal for the perovskite and silicon modules (Table 3, Fig. 9). It
is logical because TRNSYS and Mattei models are mathematically rather
similar (see Egs. (18) and (19)). Therefore, when applying TRNSYS
model for different panel types, the difference in model parameters
arises especially in a,.

When determining the model parameters, it is relevant from which
point the temperature of the module is measured for evaluating the
parameters. In experimental studies, the temperature is often mea-
sured from the back surface with temperature sensors. The modeled
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Fig. 5. Linearized form of Sandia model fitted into the average temperature data of (a) perovskite and (b) silicon cells of the respective modules modeled in varying wind speeds
and solar irradiances (7, = 20°C). The data points for different solar irradiance values are overlapping at all wind speeds. The fits are presented only in the ranges in which
they are applicable.
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Fig. 6. Linearized form of Faiman model fitted into the average temperature data of (a) perovskite and (b) silicon cells of the respective modules modeled in varying wind speeds
and solar irradiances (7, = 20°C). The data points for different solar irradiance values are overlapping at all wind speeds.
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Fig. 7. Linearized form of PVsyst model fitted into the average temperature data of (a) perovskite and (b) silicon cells of the respective modules modeled in varying wind speeds
and solar irradiances (7, = 20°C). The data points for different solar irradiance values are overlapping at all wind speeds.
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Fig. 8. Linearized form of Mattei model fitted into the average temperature data of (a) perovskite and (b) silicon cells of the respective modules modeled in varying wind speeds
and solar irradiances (7, = 20°C). The data points for different solar irradiance values are overlapping at all wind speeds.
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Fig. 9. Linearized form of TRNSYS model fitted into the average temperature data of (a) perovskite and (b) silicon cells of the respective modules modeled in varying wind speeds
and solar irradiances (7., = 20°C). The data points for different solar irradiance values are overlapping at all wind speeds.

maximum temperature of the module back surface is estimated to be
closest to the module temperature measured by temperature sensors
in experimental studies. In reality, it is quite challenging to set the
temperature sensor exactly where the maximum temperature of the
module occurs, which may also explain some differences between the
parameters reported in the present study and those reported in the
literature. In general, attention should be paid to the location of the
temperature sensors in experiments, because the present results showed
that the parameters evaluated from the minimum temperature of the
back surface lead to notably lower estimated module temperatures
compared to using the parameters estimated from the maximum tem-
peratures (Table 3, see Figures S15-S19 for the fits). For example, the
estimated module temperature at reference conditions would be 2.8 °C
and 4.0 °C lower for the perovskite and silicon modules, respectively, if
the Sandia model parameters (Table 3) determined from the minimum
temperature of the module back surface were used in temperature
estimation, according to Eq. (10), instead of those determined from the
maximum temperature.

In practice, the novel model parameters can improve temperature
estimation of perovskite panels with the selected module temperature
models. Due to temperature dependence of power production, power
production estimation and system design may also be developed. In
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addition, operating temperature is considered in other applications as
well, such as temperature corrections for performance ratio [65,66].

Future research could experimentally validate the proposed
perovskite-specific model parameters. The effect of different condi-
tions, not considered here, such as different climates and installa-
tions [67], could also be studied. Further, a similar approach of
simulating the module temperature based on physics modeling may
be applied to alternative empirical mathematical formulas for the
temperature estimation or other emerging panel types, for example,
tandem devices.

4. Conclusions

By conducting thermal simulations of perovskite and silicon solar
panels in varying environmental conditions, the present study showed
that the temperature of a perovskite module may be lower than that
of a silicon module. The obtained temperature difference between
the two module types was notable, ca. 7°C, in ambient conditions
corresponding to NMOT conditions. The smaller heat production and
slower temperature rise under increasing irradiation would be an ad-
vantage for perovskite panels in high irradiance conditions that also
provide the highest power production. As another main result, the study
predicted the first set of perovskite-panel-specific model parameters for
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the Sandia, Faiman, PVsyst, Mattei, TRNSYS module temperature mod-
els for predicting thermal behavior of a commercial-scale perovskite
module under varying environmental conditions. These parameters can
improve perovskite panel temperature estimation in varying outdoor
conditions with existing PV system models.
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