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The operating temperature of photovoltaic modules is the second most important (after plane-of-
array irradiance) parameter affecting their output, for every degree increase in temperature, the 
module efficiency decreases by 0.3-0.4%. Despite the importance of this parameter, temperature 
models in solar plant yield calculations are imprecise, with typical uncertainties over 5oC. 
Computational fluid dynamics numerical studies are presented for the 5B MAVERICK system, 
showing excellent agreement with field measurements. Such calculations, while intensive, can 
provide more accurate inputs for simplified thermal models that are used in yield simulation software. 
Furthermore, temperature variations within a single module can be simulated. While it is well known 
that such variations exist, they are usually ignored from a modelling perspective. We present 
simulations quantifying the potential error this simplification may introduce, while future work will also 
consider the effect on module degradation. The present study calls for further investigations to 
increase the precision of the thermal modelling of PV modules in large-scale deployments. 
 
Background 
Photovoltaic (PV) currently has the largest share in new electricity generation globally, with 295 GW 
of module sales in 2022 (Jutta Trube, 2022). High operating temperatures result in reductions to the 
PV module's electric efficiency, driven largely by a reduction in open-circuit voltage. These reductions 
may be up to 0.3-0.5% of the nominal maximum power value of the module per Kelvin degree of 
temperature rise (Brinkworth et al., 1997). Furthermore, higher operating temperatures can 
accelerate the degradation rates of crystalline silicon PV modules (Park et al., 2013), (Ascencio-
Vásquez et al., 2019).  
 
There are two common approaches in PV simulation tools for modelling device temperature. The 
most straightforward is Nominal Operating Cell Temperature (NOCT) method which assumes that 
device temperature is a linear combination of ambient temperature and irradiance. The Faiman 
model is slightly more detailed, taking into account device efficiency and using both constant and 
convective heat transfer coefficients (Faiman, 2008). However, in practice, the convective heat 
transfer coefficient (Uc) is often ignored. In both cases, errors frequently exceed 5°C (McIntosh et 
al., 2022) significantly overestimating the yield and the life span. 
 
Alternatively, computational fluid dynamics (CFD) modelling, while more computationally intensive, 
may provide an explanation of the underlying physics (Roache, 1976). Parametric studies include 
scenarios not available in the field ((Jubayer et al., 2016) and (Dabaghzadeh and Eslami, 2019)); 
ground temperature (Deardorff, 1978)  and sky temperature (Notton et al., 2005) can be modelled. 
(Zhou et al., 2018) showed temperature variations of 5°C on PV surface in a standalone PV/T 
system. CFD allows estimating performance of PV at a new site, without requiring extensive field 
data collection or tuning parameters. 
 
The temperature variations on the surface of PV modules were studied for limited cases, for instance, 
over 5°C variations for a single module via CFD (Dabaghzadeh and Eslami, 2019), and up to 6°C 
variations with a single stand-alone module in the field (McIntosh et al., 2022). These variations are 
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ignored in existing yield models, such as pvlib (Holmgren et al., 2018), pvsyst, SAM, which can result 
in mismatch loss in voltage and degradation rates.  
 
The present study includes field observations and numerical studies of the spatial variations of the 
PV module temperature, and an assessment of the resulting effects on the module yield and 
degradation. 
 
Methodology 
 
Computational fluid dynamics model of a 5B MAVERICK site in Western Australia (WA) has been 
developed with modules stacked in continuous rows with low module slope, making the modules 
easier to transport and install. Two adjacent rows of PV modules, with symmetry on boundaries, 
have been modelled (Figure 1 (a)). The wind magnitude, ambient temperature, and irradiance are 
modelled as a polynomial fit to field data, as shown in Figure 1 (b). Power law wind profile is imposed 
at the inlet. For radiative heat transfer modeling, the sky and ground temperature from (Hersbach et 
al., 2020) are assumed. 

 
 (a) (b) 

Figure 1. (a) CFD computational domain and boundary conditions; (b) Field data and 
polynomial fit for solar irradiance on a clear day, December 4, 2021. 

In order to simulate the effect of non-uniform temperature across a PV module, a Python model has 
been developed using the PySpice package (Salvaire, 2023). Each cell was described using the 
single diode model, with the current source and diode saturation current adjusted based on cell 
irradiance and temperature.  
 
Results  
The CFD model results are comparable to the field data, as shown in Figure 2 (a), with CFD results 
on the temperature distribution on the PV shown in Figure 2 (b). The module temperature, influenced 
by flow dynamics, is higher in selected areas, where degradation is likely to increase. 
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 (a) (b) 

Figure 2. (a-b) PV module temperature (a) daily variations in a point (field and CFD data);  
(b) surface distribution (CFD data). 

The spatial variations of PV module temperature have a negligible impact when the module cells are 
in series; however, there is some impact when there are parallel strings. Figure 4 presents 
simulations of a half-cell and full cell module in the extreme case where the top and bottom halves 
of the module have a temperature difference of 10°C, along with a more realistic case of 5°C 
temperature difference. The primary impact of increased temperature on the cell I-V curve is a 
reduction in the open-circuit voltage. Therefore, when cells are in series, mismatch issues are 
negligible, and the output of the string matches closely with simulations using the average 
temperature. Since all cells in a full-cell module are in series, the average temperature is adequate 
to simulate the output. However, for the half-cell module, the mismatch between strings at the top 
and bottom of the module results in a reduction in output of 0.38% relative for a 10°C difference and 
0.10% relative for a 5°C difference when compared with average temperature simulations.  
 

 
 (a) (b) (c) 

Figure 3. I-V and P-V curves of (a) half-cell and (b) full-cell modules with a top-half module 
temperature of 50°C and bottom half at 40°C. (c) Presents a half cell module with the top 

half temperature at 45°C. Illumination for all simulations was 1000 W/m2. 

 
Discussion/Conclusions 
Fluid flow and heat transfer model has been developed and validated for a 5B MAVERICK PV site 
in Western Australia. An up to 10°C variation on the surface of the PV module has been observed, 
which may significantly impact the localized degradation rates.  The CFD model can be used to 
provide information to improve forced convection and yield correlations used in the industry, and to 
estimate performance of a new site. According to field data, such as (McIntosh et al., 2022), the 
temperature variations are higher with lower tilt, in 2P than in 1P SAT, and with lower wind speeds. 
 
The CFD simulations can also be used to determine temperature variations across the modules 
themselves, which can lead to electrical mismatch between parallel strings. While under most 
conditions this mismatch will be a minor effect, which has been estimated to result in 0.1% to 0.4% 
reduction in electric output, a further consideration is that temperature is an important driver of 
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degradation within solar modules. This could potentially lead to differing rates of degradation of 
different cells and to the associated resulting mismatch losses.  
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