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Abstract: Accurately estimating the operating temperature of
solar photovoltaic modules is crucial for realistic PV system
output calculations. This study introduces a computationally
efficient one-dimensional transient Finite Difference Method
model, developed from first principles, to evaluate the
temperature distribution within a PV module throughout the day
and predict the operating cell temperature. The model
incorporates environmental factors such as plane-of-array
irradiance, wind speed, wind direction, ambient air temperature,
and the sun’s position relative to the PV modules. It is applicable
to both ground-mounted fixed-tilt and single-axis tracking
configurations, addressing a gap in thermal modelling for
tracking PV systems, which are often limited to software
packages or neural network models. Model validation against
experimental data confirms its accuracy in predicting module
temperatures for both configurations.

Keywords PV modelling; Finite Difference Method; ground-
mounted; fixed-tilt; single-axis tracking.

1. Introduction

Photovoltaic (PV) systems experience efficiency losses at
elevated module operating temperatures, with efficiency
decreasing by approximately 0.4% per 1°C [1]. The diverse
range of PV configurations - including open-rack fixed-tilt (FT),
open-rack single-axis tracking (SAT), building-attached PV
(BAPV), building-integrated PV (BIPV), and floating PV (FPV)
- leads to varying module thermal operating conditions,
corresponding temperature differences and associated efficiency
variations. Accurate estimation of a PV system’s operating
temperature is critical due to its impact on efficiency and power
yield. Consequently, various methods have been developed for
precise temperature prediction of PV modules. Empirical
correlations for multiple PV configurations have been proposed
by studies such as King et al. [2]. Numerical simulations leverage
computational power to model complex interactions within PV
systems, enabling detailed temperature predictions across
diverse scenarios. For example, Hammami et al. [3] developed a
one-dimensional (1D) Simulink model to predict cell
temperatures for open-rack FT modules. Faiman’s empirical

model [4] estimates operating module temperatures using
configuration-specific heat dissipation factors (HDFs). The King
et al. model [2] employs coefficients tailored to different PV
types and configurations to predict both module and cell
temperatures. A Computational Fluid Dynamics (CFD) model is
applied in [5] to simulate module temperature distribution, while
an Avrtificial Neural Network (ANN) approach is used in [6] for
temperature prediction in a SAT system, though this method is
prone to overfitting and is limited to the specific experimental
setup.

This paper presents a computationally efficient 1D transient
thermal model capable of predicting module temperatures under
varying weather conditions across different PV configurations.
The model employs the Finite Difference Method (FDM)
applied across the module thickness (front to back surface), with
relevant heat transfer mechanisms accounted for via an energy
balance at each node. The model incorporates the effects of
convection (forced and natural) and radiation heat transfer
between the module surfaces and the environment, as well as
conduction heat transfer within the module layers. Additionally,
it considers the impact of reflected irradiance (albedo) from the
ground surface onto the module’s back surface and estimates the
optical properties of the front glass cover based on the relative
sun position. The model is validated against NOCT conditions
and measured data from a FT and SAT PV test site.

2. Finite difference model

2.1. Model description

A typical PV module comprises a protective glass layer, two
ethyl vinyl acetate (EVA) layers sandwiching a silicon cell, and
a tedlar backsheet to safeguard the module's rear surface [3, 7]
(Fig. 1). The material properties for each layer, including
thickness (t), density (p), specific heat (c,), and thermal
conductivity (k), are presented in Table 1. Despite variations in
reported material layer properties in literature, these parameters
do not significantly vary the total heat capacity of the module

(8].
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Fig. 1: PV module layer composition

Table 1: PV module layer properties

Material ¢ [mm] p [kg/m®] ¢, [J/kgK]  k[W/mK]
Glass  3.200 30000070 50010007 | g0l
EVA 0.525P1 96001011 2090110:11] 0.35010.11
SiCell 01807 23300010 6770010 j4g010.1]

Tedlar  0.1757  120001%11] 125001011 0.2010.11]

2.2. Model assumptions

The thermal model is developed based on the following
assumptions:

e Thermal properties of module layers are constant.

e The cell and tedlar layers are opaque.

e Optical properties of the layers are considered
independent of the radiation wavelength.

e  Optical properties of the EVA, tedlar and cell layers are
constant.

e Heat transfer across the PV module thickness is one-
dimensional.

e Heat conduction from the module to supporting
structures is neglected.

e The temperature in each layer is constant over a given
time step.

e Initial module temperatures at the first moment of
insolation in a day are equal to the ambient temperature.

e Ground surface temperatures are equal to the ambient
temperature [7].

e Airis an ideal gas at sea level (atmospheric pressure
taken as 101.325 kPa).

e The PV module is approximated as a flat plate for both
forced and natural convection.

e Incident solar radiation for a given time step is treated
as a uniform heat flux on the front surface of the
module.

e The irradiance reaching the cell layer is absorbed,
producing electricity and generating heat within the cell
layer.

e Absorbed radiation in the glass, EVA and cell layers are
uniformly distributed throughout the volume of each

layer.

e The albedo factor (04peqo) iS approximated as a
constant value of 0.2 [12].

e Albedo from the ground surface is modelled as a fully
absorbed heat flux on the bottom surface of the tedlar

layer (i.e. @zeqiar = 1) [3]-
2.3. Optical modelling

The optical properties of a solar collector’s glass cover
significantly  affect the collector’s performance. The
transmissivity (t), absorptivity (a), and reflectivity (p,) are
dependent on the solar beam angle (6,) of the incoming radiation
[14]. Equation 1 [15] determines the glass transmissivity as a
function of the solar beam angle and the refracted angle of
irradiance (@,), the extinction coefficient (K) taken as 4 m™!
[14], and the glass thickness (t).

_ e% {—os sin?(6, — 6,) tan?(6, —6,)
“\sin2(6, +6,) tan2(6, +6,)

Tglass
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The refracted angle (8,.) of irradiance is determined using Snell’s
Law, which factors in the index of refraction (n) for air and glass
(1 and 1.526 respectively).

n
6, = arcsin <ﬂ Sin(gb)) (2)

nalT’
The absorptivity and reflectivity of the glass layer is determined
as follows [14]:
—Kt

Agiass ~ 1-— ecosGr’ (3)

pr,glass =1- Tglass - aglass. (4)

Table 2 provides the constant optical properties for the remaining
PV module layers, including emissivity (¢). The albedo heat flux
on the tedlar surface is modelled as fully absorbed.

Table 2: PV module layer optical properties

Material Pr a T c
EVA 0.020101  0.06  0.9211%1 (.85
Cell - ool _ _

Tedlar - El - 0.921101

2.4. Thermal radiation heat transfer

In the model, it is assumed that losses occur as the light passes
through the glass and EVA layers before being fully absorbed by
the cell to generate electricity (W) and heat (Q,.,). Radiation
exchanges occur between the front (F) and back (B) surfaces of



the module with the ground (G) and sky (S) surfaces, which is
dependent on the tilt angle (B;;;;) of the module. The relative
view factors (¢) are calculated from Equations 5 and 6 [17].

(%)
©rs = ¢ = 0.5(1 + cos(Brur)) 6)
Yr¢ = @ps = 0.5(1 — cos(Brut))

These view factors are used to determine radiation heat transfer
coefficients using Equation 7 between participating surfaces, and
corresponding radiation heat transfer rated (Equation 8). Here it
is assumed that the sky and ground surfaces, are treated as
blackbodies with infinite surface areas. In Equation 8, A refers to
the surface area exposed to radiation heat transfer, ¢ is the front
surface emissivity and o is the Stefan-Boltzmann constant.
Radiation heat transfer is determined similarly for the other
surfaces (FG, BS, BG) as in Equations 7 and 8.

o(T¢ + T&)(Tr + Ts)
1—¢ 1 (7
— + JR—
Ep Prs

Qrad,Fs = hrad,FsAF(TF —Ts) 8)

The Swinbank correlation [18] is used to determine the effective
sky temperature (Ts).

hrad,FS =

Ts = 0.0552 - T2 (9)

The heat exchange due to the albedo from the ground surface is
determined by Equation 10, where H is the plane-of-array (POA)
irradiance and Apy, is the module surface area:

QG = Oapeao(H - Apy) (10)

The amount of irradiance absorbed by the module’s top layers
are determined by:

Qabs,glass = Qgiass (H - Apy), (11)
QabS,EVA = TglassaEVA(H - Apy), (12)
Qabs,cell = TglassTEVAQcell (H - Apy). (13)

The efficiency of the PV module (npy) is determined by the
Evans expression (Equation 14 [19]), which utilizes the
temperature coefficient (8,.f), reference efficiency (,.r) and
reference temperature (T,..r) under Standard Test Conditions
(STC) as specified on the manufacturer’s datasheet. The power
output of the PV module is determined by Equation 15 and the
amount of heat generated in the cell layer is determined by
Equation 16.

Npy = nref[l - ﬂref (Tcell - Tref)]

Weiec = npvH

(14)

. . . (15)
Qgen = Qabs,cett — Weiec (16)

2.5. Convection heat transfer

Equation 17 calculates the convection heat transfer rate from the
module surface j°, where the convection heat transfer coefficient
(heony) is determined from the average Nusselt number (Nu) and
characteristic length (L.). The air properties of density (p),
specific heat (c,), Prandtl number (Pr), and dynamic and
kinematic viscosities (u and v) are determined at the film
temperature (average of surface and ambient temperature).
Convection for the back surface is calculated in the same
manner. The characteristic length is a function of the module
length (L), and width (W) as defined in Equation 18.

Qconv,j = hconv,jAj (T] - Tair) (17)
L= 18
CT2(L+W) (18)

The model accounts for the possibility natural, forced and mixed
convection through selection and combination of heat transfer
coefficients, as shown in Equation 19 [20].

3,3 3 i Gr
hCOnU.fOTCed + hconv.natuml' Lf 01< W < 10,
h — . Gar
conv hconv,forced' lf R_ez <01,
__Gr
hconv,natural: Lf W > 10. (19)

The forced convection heat transfer coefficient is determined
using the power law correlation developed in [21] specifically
for an inclined flat-plate exposed to winds from various
directions. This correlation is also used in [22, 23].

(20)

0.931cyp (Vying * V\%°
hconv,forced = Pr2/3 ( I )
c

The natural convection heat transfer coefficient is determined
using Nusselt number correlations for an inclined plate derived
by Churchill and Chu [24] and Fuji and Imura [25].

Ra. = 1(08:9-0.00178(90°=Bry) %2 1)
If Ty > Tair orTg < Tair:

Nu = 0.56(Ra,,cos (90° — B,;:))/* + 0.13(Ra'/® — Ra?)

cr

(22)
If Tg > Ty OF Tp < Tyt

2

0.387(Ra - cos (90° — Beyye))Y/®
(1 + (0.492/Pr)9/16)8/27 ) (23)

Nu = <0.825 +

2.6. Conduction heat transfer

Heat is conducted between the module layers, moving from a
region of higher to lower temperature. The rate of conduction



heat transfer is dependent on the node temperatures (7, T,,_; and
T,+1), element surface area (A4), thermal conductivity and the
thickness of the element (L.) and is determined through
application of Fourier's law of conduction as shown in Equation
23.

Tn—l - Tn Tn - Tn+1

Qconan = +
G, @, G, G,
(23)

2.7. Domain and energy balance discretisation

The model uses an implicit method for calculating nodal
temperatures at each time step (At), ensuring unconditional
stability [20]. In Equations 24-30, ‘i’ refers to the current time
step and Ax represents the element spacing. For nodes in layers
where irradiance is absorbed, the contribution of the absorbed
irradiance is determined by the volume ratio of the specific node
($n1ayer)- The system of linear equations is solved for each node
using lower-upper (LU) decomposition in Python, with a
temperature convergence error of 1e-3°C.

Front surface energy balance:

. i+1 .. .. .. ..
(Qapsér) dass Qéanv F + Qeand n+1-n — Qrad-rs — Qrad. e
- (pAXACp)glass E

Interstitial surface nodes with absorption:

i+1

Sl i1 .
:l:ond, n+i-n + Q:l:ond, n—-1-n + (Qabs En)layer

= (prA cp) (25)

layer E

Glass-EVVA; interface surface nodes:

(Qabsfn)

i+1 . i+1 - -
i+1 i+1
+ (Qabsfn)EVA1 + cond ,n+1-n + cond ,n—1-n

dr
=[(pAXACp)glass + (prAcp)EVA1 T

glass

(26)

EVA, — Cell interface surface nodes:

(Qabsfn);;l + (Qabsfﬂ)cen B
O = [(prAcp)EVA1 + (prAcp)ce"]Z—: (27)

i+1 -
i i+1
elec En + Qcond,n+1—>n

Cell surface energy balance:

i+1 i i i+1

(Qabsfn)ce” - Welec fn + Qég—nld ,rg—l—)n + Qcond n-1-n
T
= (pAXACP)ce” E (28)
Cell-EVA interface surface nodes:
. i+1 L. ..
(Qabsfn)ceu eLlec fn + é:nld n+1-n + é;rnld n—1-n

dT (29)
= [(pAXACp)cell + (prACP)EvAZ E

Interstitial surface nodes without absorption:

it+1 yi+1

dT
cond ,n+1-n + cond n—1-n — (pAXACp)nE (30)

EVA;-Tedlar interface surface nodes:

3i+1 3i+1
Qcond n+1-n + Qcond n—1-n

dT
3 e 31
[(omsae),,, + (eas), W ) O
Back surface energy balance:
Q.(i}‘+1 + Q.i‘_g:td,n—l—)n - .i_grlw,B - .;_t;tli,BS - Q;Z}i»BG
B daT
- (prACp)tedlarE (32)

2.8. Model verification

This section evaluates the model's independence from spatial and
temporal resolution under Nominal Operating Cell Temperature
(NOCT) conditions, which is critical for verifying its accuracy.
NOCT conditions, as specified in the manufacturer's datasheet
[26], are defined as: H = 800 W/mM?, v,,;,q = 1 /s, T, = 25°C,
Beiie = 45° with air-mass ratio of 1.5 (using 6, =3.19°
calculated from the equation in [14]). The model is run with At =
60 s to match the data intervals recorded in the measurement
data. Three mesh densities (Coarse, Medium, Fine) with 6, 11,
and 21 nodes, respectively, are used to assess the model's
sensitivity to mesh resolution in temperature predictions. In
contrast, [7] used only 5 nodes, placed at the centre of each layer,
in their model.

Table 3: Grid independence study results

Mesh Element y Tyocr error  E, o
count [°C] [°C] W]
Coarse 6 41.11 89.43¢-2 14.50e-2
Medium 11 41.11 89.33¢-2 7.51e-2
Fine 21 41.11 89.29¢-2 4.80e-2

Table 3 compares the predicted PV temperatures (T,,;;) with the
rated module NOCT specification (Tyocr = 42 + 3°C) and
shows the total energy balance error (E,,,,,), which reflects the
discrepancy between the energy entering and leaving the PV
module. While temperature variations across different mesh
resolutions are minimal, finer meshes lead to a lower energy
balance error and slightly higher temperatures. This results in the
Fine mesh to have the most accurate power output (Weec nocr)
prediction of 316.32 W for NOCT conditions (see Table 4). For
all meshes, the energy balance error remains below 0.01% of the
incoming irradiance. With a 1 s time step, the fine mesh produces
a temperature of 41.06°C and an energy balance error of 3.61 W.



This indicates that the 60 s time step is sufficient for accurate
temperature predictions. Given its computational efficiency and
minimal energy balance error, the fine mesh is selected for the
remainder of the modelling process.

3. Data collection and classification

This section describes the test site from which measurement data
was collected, for the purpose of validation of model predictions.
It is important to clarify that the scope of this study did not
include the setup and test work itself (refer to [27] for more
details on this). Therefore, only a brief discussion of the
measurement equipment at the test site is provided, along with
the classification of the measured data based on irradiance
quality. POA irradiance (H), wind speed (vynq ), Wind
direction, ambient air temperature and the module back surface
temperatures (T,;, and Ty respectively) were measured on site.

3.1. Mariendahl test site

The ground-based PV configurations from which test data is
sourced for this study are located at Mariendahl Farm, outside
Stellenbosch, South Africa. Both SAT (modules 1 and 2) and FT
configurations (modules 3 and 4) were tested, employing the
same PV module type (CS3W-420P) for both setups (see Fig. 2).
Table 5 presents the module specifications according to the
manufacturer's datasheet [27].

Table 4: CS3W-420P module parameters

TNOCT Tref Bref nref Welec,NOCT
[C1  [cl [%w/°C] [%]  [W]
Data 42+ 3 25 0.36 19.0 313

Fig. 2: Mariendahl PV experimental site

The FT configuration features two PV modules positioned at a
fixed-tilt angle of 31°, facing North. Similarly, the SAT
configuration utilizes two PV modules with tracker running from
North-South to track the sun's movement by tilting East-West
throughout the day. Both configurations are connected in series
to a 136 Q 4 A resistive load.

Following a setup similar to [5], each module is equipped with
two T-type thermocouples affixed to the backside using
aluminium tape, positioned centrally and in the corner of the cell.
Temperature data for all modules are logged at 1-minute
intervals using a Lord TC-Link 200 and recorded via a Lord
WSDA Base Station with SensorConnect software. Ambient
temperature is measured using a shielded HygroVUES5 digital
temperature sensor, while wind speed and direction are captured
by a R.M. Young 03002 wind sentry and vane, respectively.
POA irradiance is measured using Kipp & Zonen CMP10
pyranometers installed on the structures in-plane with the
modules.

3.2. Measured PV data classification

For both PV systems at Mariendahl, measurements were
recorded from 2023/04/17 to 2023/08/06, resulting in 72048 and
9758 data points for the FT and SAT configurations,
respectively. The SAT configuration experienced issues with
accurately tracking the sun on several days, leading to fewer
usable data points.

Table 5: Data point count and classifications for the tested
PV configurations

PV Config Complete set  Sunny set  Cloudy set
FT 72048 15413 56635
SAT 9758 7258 2500

The data was categorised into days with steady irradiance
readings (Sunny) and days with fluctuating irradiance (Cloudy).
This distinction allows for an evaluation of the model's accuracy
on clear days and its sensitivity to fluctuations on days with
unstable weather (Table 5). This classification is important
because it highlights how the model performs under different
environmental conditions, which is key to ensuring its reliability.
For instance, a model that excels on sunny days but
underperforms on cloud-covered days may indicate sensitivity to
irradiance fluctuations, guiding areas for further improvement of
the model. An example of a Sunny and Cloudy day is shown in
Fig. 3.
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Fig. 3: Sunny and cloudy day comparison for FT
configuration

4. Model validation

4.1. Performance metrics

To evaluate the model’s accuracy and robustness, the root-mean-
square error (RMSE), mean absolute error (MAE), mean bias
error (MBE), and coefficient of determination (R?) are employed
to compare predicted model temperatures with measured
temperatures, as defined in [28]. RMSE and MAE indicate the
average magnitude of prediction errors, while MBE reveals any
general bias towards over- or under-prediction. (R?) quantifies
the overall correlation between the predicted and measured
values.

4.2. Validation under NOCT boundary conditions

Initially, the model is validated under NOCT conditions to assess
its accuracy against rated module performance under these
conditions. Table 6 demonstrates that the thermal model
accurately estimates the rated module temperature and
associated power output for NOCT conditions (see Table 4).

Table 6: Model predictions for NOCT conditions

Tcell Welec TNOCT Welec,NOCT
[°C] [W] error [°C]  error [W]
Model 41.11 316.33  0.89 3.33

4.3. Fixed-tilt PV validation

Table 7 presents the performance metrics, demonstrating that the
model accurately predicts operating temperatures across a wide
range of weather conditions. This is evidenced by the high (R?)
values for the Sunny and Cloudy datasets, with the Sunny dataset
showing the highest correlation. The model predicts operating
temperatures with an RMSE < 4°C, with the largest MAE and

MBE being 2.63°C and -0.98°C, respectively. In comparison, [8]
reports MAE and MBE values of 2.61°C and -1.64°C,
respectively, for a 5-day period compared to the 111 days utilised
in this study. These results indicate that the thermal model
reliably predicts operating temperatures for a ground-mounted
FT PV configuration under typical transient boundary
conditions. The model temperature prediction correlation is
shown in Fig. 4.

Table 7: Thermal model accuracy for FT configuration

Dataset RMSE [°C] MAE [°C] MBE[°C] R?

Complete 3.95 2.58 -0.77 0.89
Sunny 3.16 2.38 0.03 0.94
Cloudy 4.14 2.63 -0.98 0.85

Sunny Dataset [R?: 0.94]
—— Best Fit: y = 0.94x + 1.71

[=)]
o

0]
o
L

s
o
|

= )
o [=]
L L

Measured Module Temperature [°C]
w
o o

0 10 20 30 40 50 60
Predicted Module Temperature [°C]

Fig. 4: FT prediction correlation (Sunny dataset)

4.4. Single-axis tracking PV validation

The model is now evaluated using measured data for the SAT
configuration, with performance metrics detailed in Table 8. The
model shows lower RMSE values for both the Sunny and Cloudy
datasets compared to the FT configuration, possibly due to
having fewer data points. The correlation for these datasets is
also sufficiently accurate, with R? values of 0.92 and 0.90 for the
Sunny and Cloudy datasets, respectively. The MAE and MBE of
the model are within an acceptable range. Compared to the
RMSE (2.07°C) and MAE (1.45°C) reported for a specialised
ANN model [6], the thermal model performs well. The thermal
model, therefore, appears capable of estimating operating
temperatures for SAT modules with satisfactory accuracy. The
model temperature prediction correlation is shown in Fig. 5.



Table 8: Thermal model accuracy for SAT configuration

Dataset RMSE [°C] MAE [°C] MBE [°C] R?
Complete  3.08 2.16 1.05 0.91
Sunny 3.02 2.20 0.87 0.92
Cloudy 3.24 2.04 1.58 0.90

. Sunny Dataset [R?: 0.92]
—— Best Fit: y = 0.98x + 1.56
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Fig. 5: SAT prediction correlation (Sunny dataset)
5. Conclusion

A one-dimensional transient thermal model for predicting the
operating temperatures of ground-mounted FT and SAT PV
modules has been developed, verified, and validated against
experimental data. The model demonstrates overall error metrics
of R? = 0.89 for FT and R? = 0.91 for SAT, indicating its
capability to predict module temperatures with an RMSE < 4°C
across the wide range of operating conditions encountered.
While some literature models exhibit similar performance,
discrepancies in data quantity used for validation are noted.
Future work will focus on expanding the model to FPV
applications and for the purpose of comparative studies between
different module configurations under identical operating
conditions.
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