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A B S T R A C T

The electrical parameters, the ideality diode factor and the parasitic resistances of a photovoltaic module
can be estimated from its current–voltage (I–V ) curve. However, there are only very few studies focused on
thin-film devices, that could have a thermal behavior different from crystalline silicon technologies. This study
analyzes the variation of these parameters from a set of current–voltage curves of several commercial modules
from different technologies: single-crystalline silicon (sc-Si), multi-crystalline silicon (mc-Si), amorphous silicon
(a-Si), tandem of micro-crystalline silicon and amorphous silicon (a-Si/𝜇c-Si), tandem of cadmium selenide and
cadmium telluride (CdS/CdTe), and copper indium selenide (CIS).

Most of the modules present a positive value for the current thermal coefficient (𝛼), but the voltage and
power temperature coefficients (𝛽 and 𝛾) are negative in all the cases. With respect the series resistance (𝑅𝑆 ),
it is significantly higher for the thin-film modules than for the crystalline silicon ones. Moreover, the thermal
coefficient of the series resistance (𝜅) varies depending on the technology. Regarding the shunt resistance
(𝑅𝑆ℎ), it seems to be insensitive with respect the temperature for a small range. Finally, the diode ideality
factor (𝑚) seems to be constant for crystalline silicon whereas it depends on the temperature for thin-film.
1. Introduction

The power output of photovoltaic (PV) cells and modules is very
dependent on the incident irradiance, but also on the operation tem-
perature of the device [1]. The influence of the device temperature
(𝑇 ) on the electrical parameters has yet been studied by previous
literature (see Table 1) through the typical temperature coefficients
𝛼, 𝛽 and 𝛾, which are referred to the short-circuit current 𝐼SC, the
open-circuit voltage 𝑉OC, and the power in the maximum power point
𝑃max, respectively. In addition, changes in this temperature results
as a variation in the values of the intrinsic parameters that appears
in the single diode model (SDM), e.g. the diode ideality factor (𝑚),
the series resistance (𝑅𝑆 ) and the shunt resistance (𝑅𝑆 ℎ). Therefore,
it is possible to define their respective temperature coefficients 𝜇,
𝜅, and 𝜆. Although this phenomenon has been widely studied for
crystalline-silicon modules (c-Si), including both single-crystalline (sc-
Si) and multi-crystalline (mc-Si), there is a scarcity of works analyzing
this relationship for different PV technologies that do not have the
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same thermal behavior (see Table 2). From previous literature [2,3]
it is known that for rising operation temperatures, a crystalline silicon
device will experiment an increment of 𝑅𝑆 and a decrement of 𝑅𝑆 ℎ.
However, for a thin-film cell or module we cannot state if the parasitic
resistances will increase or decrease. In fact, this behavior could be
different depending on each specific technology. On the other hand,
some parameters cannot be estimated directly from measurements and
it is necessary to fit a model to their calculation. For that reason,
there are very few papers addressing the thermal evolution of those
parameters, specially for thin-film modules.

It must be taken into account the negative influence of 𝑅𝑆 on the
power output of a PV device. An increase of 𝑅𝑆 causes a decrement of
the slope of the current–voltage (I–V ) curve around the open-circuit
region with a consequent drop of the maximum power [4]. On the
other hand, a low value of 𝑅𝑆 ℎ leads to a high slope of the I–V curve
in the short-circuit point, obtaining also a reduction of the power
output [5]. Veissid and De Andrade [6] performed a study using a sc-Si
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Table 1
Summary of some previous studies reporting estimations of the temperature coefficients 𝛼, 𝛽 and 𝛾.
Reference Type 𝛼 (%/◦C) 𝛽 (%/◦C) 𝛾 (%/◦C)

Emery et al. [7] sc-Si +0.0411 −0.2817 −0.3619
sc-Si +0.0130 −0.3413 −0.5035
mc-Si +0.0435 −0.2632 −0.3318
mc-Si +0.0675 −0.3675 −0.4690
mc-Si +0.0407 −0.2925 −0.3996
a-Si +0.0493 −0.2429 −0.2929

King et al. [8] sc-Si +0.032 −0.41
sc-Si +0.022 −0.39
sc-Si +0.016 −0.38
mc-Si +0.091 −0.36
mc-Si +0.063 −0.42
a-Si +0.099 −0.41
a-Si +0.082 −0.38
a-Si +0.076 −0.43
CdTe +0.019 −0.37

Van Dyk et al. [9] sc-Si +0.04 −0.35 −0.48
mc-Si +0.07 −0.37 −0.46

Fanney et al. [10] sc-Si +0.0401 −0.355
sc-Si +0.0350 −0.399
a-Si +0.0916 −0.439
a-Si +0.0940 −0.469

Virtuani et al. [11] sc-Si +0.006 −0.33 −0.45
a-Si +0.12 −0.33 −0.45
a-Si/𝜇c-Si +0.05 −0.37 −0.36
CdTe +0.04 −0.24 −0.21
CIGS +0.02 −0.31 −0.36

Dubey et al. [12] sc-Si +0.028 −0.30
mc-Si +0.03 −0.28
CIGS +0.003 −0.271

Dash and Gupta [13] a-Si +0.098 −0.294 −0.234
CdTe +0.071 −0.28 −0.176
CdTe +0.034 −0.197 −0.168

Cotfas et al. [14] sc-Si +0.0138 −0.3835 −0.4798
mc-Si +0.0870 −0.3725 −0.3713
a-Si −0.18

Paudyal and Imenes [15] mc-Si +0.085 −0.25 −0.51
mc-Si +0.061 −0.25 −0.49
CIGS +0.06 −0.26 −0.29

Piliougine et al. [16] sc-Si +0.036 −0.34 −0.43

Gasparin et al. [17] sc-Si +0.065 −0.34 −0.40
sc-Si +0.063 −0.33 −0.42
sc-Si +0.066 −0.35 −0.46
sc-Si +0.040 −0.36 −0.46
mc-Si +0.051 −0.32 −0.44
sc-Si +0.060 −0.32 −0.41

Meflah et al. [18] sc-Si −0.385
mc-Si −0.519
a-Si −0.121

a-Si/𝜇c-Si −0.254

t

f

f

cell to discover the effect of an increase of the cell temperature on the
diode ideality factor (𝑚) and on the parasitic resistances, both in dark
and illuminated conditions. Whereas there is a decrement of 𝑚 and an
increment of 𝑅𝑆 , the conclusion for 𝑅𝑆 ℎ is not clear.

Banerjee and Anderson [19] stated that 𝑅𝑆 ℎ of a sc-Si device will
experiment a decrement of around one order of magnitude if the cell
temperature is increased in 50 K. In addition, Özdemir and Altindal
[20] state that 𝑚 for this technology experiments a decrement from 1.59
to 1.32 when the temperature increases from 295 K to 375 K.

Karatepe et al. [21] reported, for a sc-Si module under constant
rradiance, that the value of 𝑅𝑆 increases from 1 Ω to more than
.5 Ω when the cell temperature increases from 15 ◦C to 65 ◦C, but
𝑆 ℎ decreases strongly in a negative exponential way. In addition, a
ecrement of the diode ideality 𝑚 with increasing temperatures was
lso observed. Similar results for the same technology were achieved
y Dhass et al. [2], in such a way that an increment of 30 K in the

device temperature implies an increment of around 20% in 𝑅𝑆 and a
decrement of more than half in 𝑅 . Bai et al. [22] confirmed also
𝑆 ℎ

2 
the decrement of 𝑚 (from 1.30 to 1.27 at 1 Sun) for increasing cell
temperatures (an increment of around 12 K) for monofacial PERC cells.
This fact is also confirmed by [23].

Bensalem and Chegaar [24] studied the effects of the temperature
on both parasitic resistances for mc-Si technology . They concluded
hat whereas the 𝑅𝑆 shows a positive derivative as a function of

the temperature, 𝑅𝑆 ℎ has the inverse behavior. Putri et al. [25] also
obtained similar results, confirming that as the temperature of the
device increases, there is also an increase of 𝑅𝑆 and a decrease of 𝑅𝑆 ℎ.

Taking only into account the a-Si technology, Ataboev et al. [26]
reported a decrement of both 𝑅𝑆 and 𝑅𝑆 ℎ when the device temperature
increases. For other TH technologies similar results were achieved,
or example by Kim and Wojkovich [27] for copper indium gallium

selenide (CIGS) cells. In another work [28], InGaAs cells were analyzed,
obtaining also that both parasitic resistances and the diode ideality
actor decrease as the cell temperature is increased. Finally, there are

also some very recent works about the effect of the temperature on
perovskite cells, as the one by Sahoo and Manik [29], that find a
reduction of 𝑚 with increasing device temperature.
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Table 2
Previous estimations of the diode ideality factor 𝑚, the series resistance 𝑅𝑆 , and the shunt resistance 𝑅𝑆 ℎ, with their respective temperature coefficients 𝜇, 𝜅, and 𝜆. These values
re related with the number of cells in series (𝑁𝑠) and the number of cells in parallel (𝑁𝑝).

Reference Type 𝑁𝑠 𝑁𝑝 𝑚STC (–) 𝜇 (%/◦C) 𝑅𝑆 ,STC (Ω) 𝜅 (%/◦C) 𝑅𝑆 ℎ,STC (Ω) 𝜆 (%/◦C)

Derick et al. [30] mc-Si 36 1 1.417 0.1132 747.4

El Achouby et al. [31] sc-Si 36 1 1.148 0.2110 192.8
mc-Si 54 1 1.107 0.3519 790.4

Lawi et al. [32] sc-Si 60 2 1.63 0.320 205.2
mc-Si 72 1 1.20 0.220 410.6

Nayak et al. [33] sc-Si 36 1 1.706 0.1287 2136
mc-Si 54 1 1.371 0.2072 1692
CIS 42 1 1.381 0.508 1913

Ćalasan et al. [34] mc-Si 36 1 1.333 0.2235 914.7

Feng et al. [35] sc-Si 36 1 1.007 0.5084 317.7
mc-Si 36 1 1.223 0.5084 373.6
CIS 42 1 1.243 1.3017 217.2

Reddy and Yammani [36] sc-Si 36 1 1.244 0.1702 515.5
mc-Si 36 1 1.341 1.218 848.4

Nguyen [37] mc-Si 36 1 1.454 0.3489 157.7

Ćalasan et al. [38] sc-Si 36 1 1.179 0.630 70.53
mc-Si 36 1 1.347 0.2265 466.9
CdTe 116 1 2.865 2.4211 2670

Piliougine et al. [3] sc-Si 36 1 0.288 +0.5

Bounouar et al. [23] sc-Si 36 1 1.906 −0.53 0.0226 −0.74 226.3 −1.75

Soon and Low [39] sc-Si 36 1 1.394 −0.43 0.3855 +0.37 183.03 –
sc-Si 36 1 1.415 −0.51 0.3263 +0.49 182.3 –
CIS 42 1 1.148 −0.97 1.6588 +0.60 263.8 –

Alam et al. [40] CIS 42 1 1.493 −0.057 1.1228 +0.029 356.3 –

Hali and Khlifi [41] sc-Si 72 1 1.22 0.82 1060
mc-Si 48 1 1.52 0.36 100
sc-Si 36 1 1.8 −0.045 0.12 +0.2 290 +0.14
mc-Si 36 1 1.53 −0.014 0.15 −0.099 880 −0.5

Hali and Khlifi [42]a a-Si/𝜇c-Si ? 1 5.925 7.2304 4185

a Not reported under STC but at 𝐺 = 1001.9 W/m2 and 𝑇 = 31 ◦C.
Despite some discrepancies among the literature about the thermal
behavior of the series resistance, there is a consensus about the decre-
ment of the parallel resistance and diode ideality factor for increasing
temperatures.

The objective of this work is to study how the temperature affects
hese three parameters for several PV cell technologies. We measured

a sequence of I–V curves of several photovoltaic modules of single-
crystalline silicon, multi-crystalline silicon, amorphous silicon, micro-
morph silicon, cadmium telluride, and CIGS technology exposing the
modules to increasing temperature. Then we determined both parasitic
resistances and the ideality factor by means of a curve-fitting procedure
using the SDM.

The main novelty of this article is the use of a consolidated model
s the SDM to perform an in-depth study of the evolution with respect

increasing temperatures of six different photovoltaic technologies (four
of them considered as thin-film), not only analyzing the temperature
coefficients of the main electrical parameters 𝛼, 𝛽 and 𝛾 (yet present
in the literature), but also studying how the parasitic resistances (the
series resistance 𝑅𝑆 and shunt resistance 𝑅𝑆 ℎ) and specially the diode
ideality factor 𝑚 depend on the cell temperature. The particularities of
each different technology are highlighted, focusing on the differences
of the thin-film modules, which have a very different thermal behavior
with respect the classical crystalline silicon ones.

With this paper we will try to cover the scarcity of studies fo-
used on thin-film technologies and to link the obtained results with
nformation published in previous studies. In the literature there are
 few works in the same line that this one, but obtaining different
esults depending on the cell technology. For example, Cuce et al. [43]
nalyzes the influence of the temperature on the electrical parameters,
he parasitic resistances and the diode ideality factor, but that study
3 
is restricted only to a sc-Si module and to a mc-Si one. Ghani et al.
[44] also perform a similar work focused on 𝑅𝑆 and 𝑅𝑆 ℎ, but with-
out including any thin-film module in their study. Only Cotfas et al.
[14] perform an wider study including some thin-film modules and
considering the parasitic resistances as an element of discussion, but
with different results to the ones obtained by ourselves, as it will be
seen.

The rest of this paper is organized as follows: Section 2 describes
each device under test and the measurement system; Section 3 provides
the most relevant results and links this work with previous literature;
finally, Section 4 summarizes the key findings of the article.

2. Methodology

The objective of this work is focused on the study of the thermal
behavior of different thin-film technologies: amorphous silicon (a-Si),
amorphous silicon in tandem with microcrystalline silicon (a-Si/𝜇c-Si),
cadmium sulfide in tandem with cadmium telluride (CdS/CdTe) and
copper indium selenide (CIS). For comparative purposes, two commer-
cial PV modules of the classical single-crystalline and multi-crystalline
silicon technologies have also been added to the list of specimens. The
nominal specification values reported by the manufacturer of each PV
module have been summarized in Table 3.

One specimen for each technology has been used, labeled as 𝐴, 𝐵,
𝐶, 𝐷, 𝐸, and 𝐹 . The first one (𝐴) is a classical PV panel (1515 mm
× 662 mm) composed of 36 single-crystalline silicon cells (156 mm ×
156 mm) connected in series with a 4 × 9 configuration. It is laminated
with a micro-structured glass and provided with an anodized aluminum
frame. The second specimen (𝐵) is a PV module (1500 mm × 668 mm)
with 36 multi-crystalline Silicon cells (156 mm × 156 mm) connected
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Table 3
Nominal values reported in the specification sheets of the modules under study.

A B C D E F
Technology sc-Si mc-Si a-Si a-Si/𝜇c-Si CdS/CdTe CIS

𝑁𝑠 36 36 108 96 116 104

𝐼SC,STC [A] 8.55 8.68 1.19 3.34 1.23 3.18
𝑉OC,STC [V] 22.4 22.1 92.0 59.20 88.7 59.7
𝑃max,STC [W] 145 140 60 121 72.5 120
𝐼Pmax,STC [A] 8.00 7.91 0.90 2.69 1.09 2.79
𝑉Pmax,STC [V] 18.1 17.7 67 45.00 66.6 43.1

𝛼 [A/◦C] +0.0036 +0.0052 +0.0009 +0.0023 +0.0005 +0.0001
𝛽 [V/◦C] −0.072 −0.080 −0.28 −0.18 −0.22 −0.22
𝛾 [W/◦C] −0.67 −0.64 −0.14 −0.29 −0.18 −0.6

* STC stands for Standard Test Conditions as defined by IEC TS 61836:2016 [45].
b
a

m
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s

s
t
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w
w

Fig. 1. Description the mechanism used to determine the intrinsic parameters.

also in series and protected by a black aluminum frame in a 4 × 9
ayout.

Modules 𝐶 and 𝐷 belong to the amorphous silicon technology.
odule 𝐶 (990 mm × 960 mm) is a single-junction a-Si:H module

with 108 p-i-n cells over a 5 mm float glass. Amorphous silicon is
ydrogenated in order to passivize the dangling bonds and improve the
fficiency. Module 𝐷 (1409 mm × 1009 mm) is composed of 96 cells
ach one including a top a-Si sub-cell and a bottom 𝜇c-Si sub-cell. It

is built over a 4 mm low-iron front glass. Both modules include foil
back-sheets and aluminum frames.

Module 𝐸 (1200 mm × 600 mm) is composed of 116 cells in
series of CdS/CdTe technology with a frameless double-glass of 3.2 mm
thickness each side, laminated using an edge seal. Module 𝐹 (1595 mm
× 685 mm) has 104 cells (in series) of CIS technology. The black
aluminum frame is extremely rigid and corrosion-resistant. The glass
is mounted floating on a layer of highly elastic polymer.

A concise flow-chart of the experiment is shown in Fig. 1. Several
–V curves of each module have been measured on the roof of School
f Engineering of the University of Malaga (Spain). At the beginning,
ach device under test remains inside a refrigerated room without
ight during several hours trying to keep it as cool as possible. Before

starting the experiment the PV module is covered with a frozen cooling

mat. Under a perfect clear-sky day and close to solar noon, each t

4 
specimen is installed on a 2-axis solar tracker, by adjusting manually its
orientation in order to reach an irradiance around 𝐺 = 1 000 W/m2 as
possible. Four Pt100 thermo-resistive sensors have been plugged on the
ackside surface and the four acquired temperature values have been
veraged. Then, the specimen is uncovered, initiating continuous I–V

curve acquisition. During the experiment the temperature of the PV
odule will increase before reaching the thermal equilibrium after a

few minutes of exposure.
The acquired data have been post-processed in order to select those

ones corresponding to an irradiance value within the range 𝐺 =
1 000 ± 20 W/m2, with a difference of irradiance before and after a
measurement smaller than 5 W/m2, and with a wind speed lower than
4 m/s. More information about the measurement system is provided
by Piliougine et al. [46].

Following the procedure described above under outdoor conditions
(where the user cannot control the range of the temperature or its
increment rate because they depend on the external environment)
it is only possible to acquire a few I–V curves throughout a small
emperature range (a maximum temperature spamming of 12 ◦C) in
uch a way the number of samples will be small and this could imply

poor 𝑅2 values when performing the linear regressions to estimate the
temperature coefficients. This can be solved performing the experi-
ment indoors using a solar simulator inside a temperature-controlled
enclosure. However, the aim of this article is just to estimate these
intrinsic coefficients under outdoor conditions because this is closer to
the operating scenario of a real PV plant.

In order to characterize the PV modules, a number of laboratory in-
truments have been connected to a personal computer that coordinates
hem, as it is depicted in Fig. 2. A four-quadrant programmable power

supply is programmed to perform a voltage sweep of each specimen
whereas a pair of multi-meters are triggered to take measurements of
the PV voltage and PV current (this last through a shunt resistor). As
both multimeters are commanded by the same input trigger signal, we
are ensuring the simultaneous acquisition of the voltage and current
components of the I–V pairs. In addition, this system is able to take a
full I–V curve, because the four-quadrant power supply can operate as
a load but also as a source covering all the required quadrants. The
developed software allows also to program automatic campaigns of
measurements without the presence of an operator and also to store the
results in a database whose content is available through a web portal
on internet [47].

In order to estimate the electrical parameters and temperature
coefficients, the following steps have been followed: (1) the I–V curves
measured outside 𝐺 ∈ [980, 1020] W/m2 were discarded; (2) if the
rradiance measured before the I–V curve differed more than 5 W/m2

from the irradiance measured after, the I–V curve was also discarded,
(3) the I–V curves measured under a wind speed more than 5 m/s

ere discarded, (4) for each I–V curve, the main electrical parameters
ere estimated by means of the procedure described by Emery [48]:

the short-circuit current 𝐼SC, the open-circuit voltage 𝑉OC, the power in
the maximum power point 𝑃max, and finally the current and voltage at
hat point, 𝐼 and 𝑉 respectively. Finally, for each I–V curve, we
Pmax Pmax
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Fig. 2. Experimental system used to characterize the different photovoltaic modules.
Table 4
Ranges used the curve fitting procedure for each parameter of the SDM model.

𝐼𝑝ℎ 𝐼𝑠 𝑚a 𝑚b 𝑅𝑆 𝑅𝑆 ℎ
[A] [A] [𝛺] [𝛺]

Lower value 0.1 1e-15 1 1 0 10
Upper value 15 1e-2 2 5 50 1e10
Initial value 𝐼SC 5e−6 1.5 3

|

|

|

|

𝜕 𝑉
𝜕 𝐼

|

|

|

|𝐼=0

|

|

|

|

𝜕 𝑉
𝜕 𝐼

|

|

|

|𝑉 =0

a Used for modules 𝐴 and 𝐵.
b Used for modules 𝐶, 𝐷, 𝐸, and 𝐹 .

need to extract the single diode model (SDM) parameters, including: the
photo-generated current 𝐼𝑝ℎ, the dark saturation current 𝐼𝑠, the series
resistance 𝑅𝑆 , the shunt resistance 𝑅𝑆 ℎ, and the diode ideality factor
𝑚.

This last step, known in the literature as parameter identification, can
be performed by a classical method like curve fitting or by means of ar-
tificial intelligence approaches. In this paper, three different techniques
have been implemented:

• Curve fitting trust-region algorithm
• Genetic differential evolution
• Covariance matrix adaptation evolution strategies

The trust-region (TR) algorithm is a classic numerical optimization
method that allows to specify, in addition to an initial approximation, a
feasible interval for each parameter. For crystalline silicon technologies
a value of 𝑚 ∈ (1, 2) is assumed, whereas for thin-film a range of
5 
𝑚 ∈ (1, 5) is more suitable . The ranges used for all the parameters
and the initial value required by the algorithm are listed in Table 4.

With only five parameters to identify, and by using the narrow
intervals proposed by previous literature, it is possible to perform the
identification with fast convergence and reliability [3,16,49,50]. In
contrast, for models with a higher number of parameters, such as the
seven-parameter double diode model, artificial intelligence approaches
are more suitable, such as differential evolution (DE) or covariance matrix
adaptation evolution strategy (CMAES), both of them considered in this
work for comparative purposes.

The DE method is based on evolutionary computation and it is
aimed at determining the parameters of the SDM model through an
iterative generation of a population of potential solutions by means of
the application of the mutation operator and the combination opera-
tor [51]. It is able to explore the solution space in an effective way for
non-linear problems like the SDM model.

In turn, the CMAES method is a stochastic approach that works by
the iterative updating of a multivariate normal distribution of candidate
solutions [52], and it is effective for high-dimensional problems with
many parameters to determine.

In order to estimate all the parameters at STC, it is necessary
to perform a linear regression of each magnitude versus the device
temperature. However, we cannot measure this device temperature
directly because it is impossible to put a temperature sensor in contact
with the internal cell. In addition, each cell operates at a slightly
different temperature in such a way there is not a unique value for
this magnitude. This issue can be solved by using several temperature
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sensors (four in this work) adhered on different points of the back-
urface of each module and estimating the internal temperature based

on these measurements. We used the model presented by King et al.
53] (Eq. (1)), which estimates the internal temperature 𝑇 using 𝑇𝑏 and
he irradiance value 𝐺. The average value of the four measurements

was used as 𝑇𝑏. In this model 𝛥T is a constant which value has been
assumed as 3 ◦C in this work for all the modules.

𝑇 = 𝑇𝑏 +
𝐺

GSTC
⋅ 𝛥T (1)

Following the indications from previous literature [7,8,54], and
pecially the International Standard IEC 60891:2021 [55], we must
o plot (scatter plot) each parameter under study with respect the

estimated value of 𝑇 . After, we can apply over this plot a regression
sing a linear model such as 𝑀 + 𝑁 × (𝑇 − TSTC), being 𝑀 the value
f the parameter at the standard temperature TSTC = 25 ◦C and 𝑁

the temperature coefficient associated to that parameter. The obtained
value of the correlation coefficient 𝑅2 ≈ 0 means that the temperature 𝑇
has not any influence on the studied parameter. In that case, we assume
its value as a constant with respect to 𝑇 , reporting only the mean value
among all the measurements within the temperature range.

3. Results and discussion

According to the procedure described above, we have estimated the
values of (𝐼SC, 𝑉OC, 𝑃max, 𝑅𝑆 , 𝑅𝑆 ℎ, 𝑚) in STC. In addition, it has been
possible to estimate their respective temperature coefficients whenever
the magnitude exhibit a dependence on the temperature. The procedure
as been applied to the six PV modules under study to show the thermal
ehavior of all the parameters under study. For all the PV modules,
he results obtained for the three different parameter identification
echniques are shown in the plots included from Figs. 3 to 14. As it
an be seen, the results obtained using the classical trust-region fitting
rocedure (TR) obtains better results than the plots using differential

evolution (DE) or covariance matrix adaptation evolution strategies
(CMAES). For that reason the results of DE and CMAES are not included
in the table that summarizes the results given by the regression plots
(see Table 5).

3.1. Modules 𝐴 and 𝐵 (sc-Si and mc-Si)

Figs. 3 and 5 show the results of the estimation of the main electrical
parameters (𝐼SC,STC, 𝑉OC,STC and 𝑃max,STC) and their respective temper-
ature coefficients of the modules 𝐴 and 𝐵 respectively, whereas Figs. 4
and 6 focus on the parasitic resistances and the ideality factor. From
 comparative of their respective columns of Tables 3 and 5, it can

be seen that, for module 𝐴 (manufactured by a high-top company),
all the electrical parameters (and also their respective temperature
oefficients) are very close to the nominal values reported by the

manufacturer. We can assume this fact as a proof that validates the
accuracy of our measurement system and the procedure followed to
process the data. Contrary, the estimated values of 𝛽 and 𝛾 in module
𝐵 differ significantly from data given in its specification sheet (we have
only obtained a similar value of 𝛼).

Figs. 3(a) and 5(a) show that an increase of 𝑇 produces a slight
increase (positive slopes) on 𝐼SC, with 𝛼 being precisely the rate of this
increase. As can be expected, this effect will repeat with most of the
modules studied in this paper, but depending on the case this effect
may be more or less noticeable. This phenomenon on crystalline silicon
devices has been reported in many previous works [7–18,43,44,56].
On the other hand, the same papers also report the strong negative
effect of an increment of 𝑇 on 𝑉OC (negative value of 𝛽 in Figs. 3(b)
and 5(b)). The reason of the increase of 𝐼SC and the decrease of 𝑉OC
s the reduction of the band-gap energy of the semiconductor material
hen the temperature increases [57]. More than 80% of the negative

impact of the temperature on the energy output of a PV module is due
6 
to this fact [58]. Therefore, as it can be seen in Figs. 3(c) and 5(c), we
will obtain a negative value of the temperature coefficient of 𝑃max. In
general, this fact continues being true for most PV devices [59].

Referring to the behavior of 𝑅𝑆 with respect to 𝑇 (Figs. 4(a) and
6(a)), it can be seen that TR and DE obtain very similar results whereas
CMAES report a worse estimation due to a outlier value around 43 ◦C.

here is a clear positive correlation for crystalline silicon. This finding
s in line with some earlier papers [2,3,6,21,23,44]. Contrary, other
uthors [14,19,43,56] have reported a decrement of 𝑅𝑆 for increasing

values of 𝑇 , also for the same technology. According to Figs. 4(b) and
6(b), the influence of 𝑇 on 𝑅𝑆 ℎ is not significant for these crystalline
ilicon modules, but this result does not agree with other works from
he literature [2,14,43,56] where a clear decrement of this parameter

is reported for rising values of 𝑇 . This could be due to the small range
of temperature (only around 10 ◦C) taken into account in our study in
comparison to the ranges used in those previous papers. In any case,
it is known from some authors [5,60–62] that the most influential
variable on 𝑅𝑆 ℎ is by far the irradiance 𝐺. It can be seen that both
DE and CMAES overestimate the mean value of 𝑅𝑆 ℎ with respect TR,
reporting a higher standard deviation.

Based on Figs. 4(c) and 6(c), 𝑚 seems to be invariable with respect
o 𝑇 , but this behavior should not be a surprise because it has been
ssumed as a constant throughout the literature [53,63–66]. Even IEC

60891:2021 [55] does not take into account the possibility of using
 variable value of 𝑚. However, some studies state decrements of 𝑚
or rising values of 𝑇 in crystalline silicon devices [6,14,20,43,56].

For those cases, Sauer et al. [60] state that the relationship between
𝑚 and 𝑇 should be given by a linear function (Eq. (2)), being 𝜇 the
emperature coefficient of 𝑚) obtaining larger values of 𝑅2 as 𝑇 has

more influence on 𝑚:

𝑚 = 𝑚𝑆 𝑇 𝐶 + 𝜇 × (𝑇 − TSTC) (2)

3.2. Module 𝐶 (a-Si)

Comparison between the nominal (Table 3) and experimental (Table 
alues corresponding to the 𝐶 module (a-Si) reveals that there is a
igh discrepancy in 𝑃max although 𝐼SC and 𝑉OC are quite similar. The

experimental values estimated for 𝛼, 𝛽, and 𝛾 are positive in the first
case and negative in the other two cases.

As it can be seen in Fig. 7(a), the estimation of 𝛼 in absolute terms
is +0.0008 A/◦C (whereas its nominal value is +0.0009 A/◦C), which
means a relative coefficient of +0.065 %/◦C. On the one hand, King
et al. [8] reported relative values of 𝛼 equal to +0.076 %/◦C, +0.082 %/◦C
and +0.099 %/◦C for other three PV modules of the same technology.
In fact, a typical value for a-Si technology could be +0.08 %/◦C [67].
On the other hand, Fanney et al. [10] stated a value around +0.09%∕◦C,
uite smaller than the value of +0.12 %/◦C reported by Virtuani et al.

[11]. Cotfas et al. [14] reported a value around +0.225%∕◦C. According
o experiments performed by Riesen et al. [68], this parameter 𝛼 could
ange between +0.05%∕◦C and more than +0.20%∕◦C depending on the
ifferent deposition parameters used during the manufacturing process.
n general, the variability of this temperature coefficient for a-Si devices
eems to be greater than the same parameter for crystalline silicon.

From Fig. 7(b) we can state an absolute value of −0.31 V/◦C (equiv-
alent to −0.33 %/◦C) for 𝛽, that is enough close to the value −0.28 V/◦C
given by the manufacturer. This also agrees to the estimation given
by Cotfas et al. [14], with a value 𝛽 = −8.09 mV/◦C whereas 𝑉OC ≈
.64 V, that means a relative value of −0.31 %/◦C. Similar results
ere stated by Virtuani et al. [11], who achieved a relative value

of −0.33 %/◦C. However, King et al. [8] obtained results between
−0.37 and −0.43 %/◦C. Even Fanney et al. [10] gave an estimate close
to −0.47 %/◦C for the same technology. Depending on the tuning
parameters of the manufacturing process, Riesen et al. [68] obtained
results in the range (−0.4,−0.2) %/◦C.
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Fig. 3. Main electrical parameters and temperature coefficients of module 𝐴.
The results obtained for 𝛾 can be seen in Fig. 7(c), where a negative
slope of −0.15 W/◦C is reported (−0.21 %/◦C), whereas the nominal
value is −0.14 W/◦C. Again, this is inline with Riesen et al. [68], which
established an interval as (−0.3,−0.1) %/◦C. Other works from the
iterature also reported values within this previous interval [11,14,67].

The 𝛾 coefficient of crystalline silicon devices is significantly more
negative than that for amorphous silicon devices, in such a way the
energy output of the modules of this technology is more insensitive to
changes in the temperature [69].

Figs. 8(a) and 8(b) refer to the estimation of the parasitic resistances
f the amorphous silicon module. As it can be seen, the result using
R obtain a very high coefficient of determination 𝑅2 but for DE and
MAES this coefficient is around 0.6 and both of them underestimate

. It must be highlighted that the value of the series resistance 𝑅 =
𝑆 𝑆

7 
5.87 Ω for this a-Si device is of more than one order of magnitude
greater than for the crystalline silicon modules 𝐴 and 𝐵. This discrep-
ancy cannot be justified only taking into account the difference in the
number of cells (108 in the amorphous device versus 36 in the crys-
talline ones), but also considering the individual contribution of each
cell to the total 𝑅𝑆 . According to the results reported by Cotfas et al.
[14], the 𝑅𝑆 of an a-Si cell is much more greater than the 𝑅𝑆 of a sc-Si
cell or a mc-Si cell. However, instead of experimenting an increment
of 𝑅𝑆 for rising values of 𝑇 (as happen with crystalline silicon), in the
amorphous case the impact for the temperature is inverse, i.e., the value
of 𝜅 is negative for this technology. In absolute terms, the value of 𝜅
is 2 orders of magnitude greater than the value reported for crystalline
silicon. For another a-Si module with very similar values for 𝐼SC and
𝑉 , Eke and Oktik [70] provided a formula to estimate 𝑅 that in
OC 𝑆
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Fig. 4. Parasitic resistances and ideality factor of module 𝐴 using different methods of parameter identification.
I

STC provides a value of 5.45 Ω, very close to our result. In a study
f degradation of a-Si modules performed by Osayemwenre and Meyer
71], at the beginning of the exposition period, the range of values was
𝑆 ∈ [6.8, 9.7] Ω (with 𝐼SC ∈ [1.2, 1.4] A and 𝑉OC ∈ [22.0, 22.3] V). As

t can be seen, for commercial a-Si modules, these values for 𝑅𝑆 could
e assumed as normal.

As for the shunt resistance, taking into account that the range
f temperature is very small, we cannot appreciate that there is any

influence of 𝑇 on 𝑅𝑆 ℎ. We obtained a mean value for 𝐶 of 916 Ω (using
TR as parameter identification method), significantly greater than the
values obtained for modules 𝐴 and 𝐵. Again, it is possible to see in the
aper by Cotfas et al. [14] that 𝑅𝑆 ℎ is greater for amorphous silicon

than for crystalline silicon. However, that previous work reported a
8 
dependence of 𝑅𝑆 ℎ on 𝑇 , but in that case the studied interval of
temperatures spams throughout 60 ◦C. Eke and Oktik [70] provided
an equation to estimate 𝑅𝑆 ℎ for a very similar a-Si module, that allow
us to obtain 𝑅𝑆 ℎ equal to 518.9 Ω.

Concerning the estimation of 𝑚, for this a-Si module, there is a
clear dependency on the device temperature 𝑇 contrary to the results
obtained for modules 𝐴 and 𝐵, where no dependency was found.
Therefore, it is necessary to take into account a temperature coefficient
𝜇 for the ideality factor 𝑚, in the sense expressed by (Eq. (2)). For this
technology, there is a significant decrement of 𝑚 as the temperature
𝑇 increases, in such a way the module can have a more squared
–V curve. This trend has been also analyzed by Kind et al. [72]

also for a-Si, but reporting smaller values for 𝑚. The STC value for
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Fig. 5. Main electrical parameters and temperature coefficients of module 𝐵.
b

s

this parameter for amorphous silicon is also different with respect to
rystalline silicon (where the theory [73] states that 𝑚 ∈ [1, 2]). In fact,
e have estimated a value 𝑚𝑆 𝑇 𝐶 = 3.018 for this a-Si specimen. From

he results reported by Cotfas et al. [14], very close values for 𝑚 and 𝜇
an be derived. Finally, Meyer [74] performed a study where during the
nitial exposure period of a amorphous silicon specimen this parameter
as changed significantly: from 1.71 with 0 Wh/m2 until 2.96 with
30 Wh/m2.

3.3. Module 𝐷 (a-Si/𝜇c-Si)

The module 𝐷 is a tandem of amorphous silicon and microcrys-
talline silicon (also called micromorph) and noted as a-Si/𝜇c-Si. As
t can be seen in Fig. 9, our experimental estimation of the main
9 
electrical parameters at STC is close enough to the values provided
by the manufacturer. We estimated 𝐼SC = 3.052 A (versus a nominal
value of 3.34 A), whereas our experimental value of 𝛼 is +0.021 A/◦C
(while the its nominal value is +0.023 A/◦C). In relative terms this tem-
perature coefficient is +0.069 %/◦C, higher than +0.05 %/◦C reported
by Virtuani et al. [11], but significantly lower than +0.15 %/◦ estimated
y Mitterhofer et al. [75] for another module of the same technology

(but with a nominal value of 𝛼 = +0.07 %/◦C).
With respect the estimation of 𝑉OC,STC and 𝛽, the results can be

een in Fig. 9(b). A value of 𝑉OC,STC is = 58.50 V versus a nominal
value of 59.20 V, whereas we have estimated a 𝛽 = −0.197 V/◦C (with
a nominal value of −0.178 V/◦C). This means a relative value of 𝛽
around −0.34 %/◦C, between the estimations given by Virtuani et al.
[11] (−0.37 %/◦C) and Mitterhofer et al. [75] (−0.30 %/◦C). However,
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Fig. 6. Parasitic resistances and ideality factor of module 𝐵 using different methods of parameter identification.
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other authors reported values that imply a smaller influence of 𝑇 on
OC, such as Meflah et al. [18] who reported −0.254 %/◦C. In line
ith that, Kata et al. [76] provided a linear formula for 𝑉OC from
hich a value 𝛽 = −0.27 %/◦C can be derived. Fig. 9(c) provides an

estimation for 𝑃max,STC = 116.7 W, not so far from the value 𝑃max,STC =
121 W provided by the manufacturer. The corresponding temperature
oefficient 𝛾 is −0.37 W/◦C, that is significantly different to the nominal

value −0.29 W/◦C. Therefore the relative 𝛾 estimated from our results
is −0.32 %/◦C, that is in agreement to the value −0.36 %/◦C provided
y Virtuani et al. [11] for a-Si/𝜇c-Si. Contrary, Mitterhofer et al. [75]
eported a very different estimate (−0.11 %/◦C).

On the one hand, our estimation of the series resistance in STC for
module 𝐷 (𝑅 = 0.409 Ω in Fig. 10(a)) is obtained with a positive
𝑆 ,STC i

10 
influence of 𝑇 quantified by 𝜅 = +0.0026𝛺∕◦C (for this PV module the
esults obtained using DE or CMAES should be discarded due to their 𝑅2

value near 0). This value of 𝑅𝑆 is much greater than the values obtained
or modules 𝐴 and 𝐵 (≈ 0.15 Ω) but of the same order of magnitude
but significantly lower than the value estimated for module 𝐶). On
he other hand, from Fig. 10(b) it is possible to derive an estimation
𝑅𝑆 ℎ,STC = 288 Ω (all the methods TR, DE and CMAES obtain very
similar results). Similarly than for the previous PV modules, it is not
possible to appreciate a dependency of 𝑅𝑆 ℎ on the device temperature
𝑇 . Finally, the diode ideality factor of module 𝐷 (see Fig. 10(c)) can be
estimated as 𝑚 = 2.301 in STC with a negative derivative 𝜇 with respect

equal to −0.012 1/◦C (always using TR as identification method that
s the only one with 𝑅2 near 1).
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Fig. 7. Main electrical parameters and temperature coefficients of module 𝐶.
f

3.4. Module 𝐸 (CdS/CdTe)

The main electrical parameters and temperature coefficients ob-
tained for module 𝐸 are presented in Fig. 11. For 𝐼SC,STC a value of
.324 A was obtained that is a bit higher than the nominal value
1.23 A). The estimated 𝛼 is +0.0007 A/◦C (versus a nominal value
0.0005 A/◦C). This means a relative 𝛼 = +0.053 %/◦C, that is be-

ween +0.034 %/◦C and +0.071 %/◦C, both estimations given by Dash
nd Gupta [13] for two different specimens. However, other authors

provided lower 𝛼 values, such as King et al. [8] (+0.019 %/◦C), or
much higher values, for example Mitterhofer et al. [75] (+0.11 %/◦C).
Regarding 𝑉OC,STC and 𝛽 (see Fig. 11(b)), we achieved 86.84 V and
0.109 V/◦C, in contrast to the values given by the manufacturer:
11 
88.7 V and −0.222 V/◦C. There is a high discrepancy in 𝛽 and the
relative value of this coefficient (−0.13 %/◦C) is lower than the range
given in previous literature (−0.44,−0.17) %/◦C [8,13,75]. Finally,
Fig. 11(c) shows us to a value 𝛾 = −0.09 W/◦C, also very different to the
nominal value −0.18 W/◦C, although our estimation 𝑃max,STC = 66.9 W
is only a bit higher than the nominal value 66.6 W.

Fig. 12 shows the estimated parasitic resistances and ideality factor
or module 𝐸. Again, the estimation provided by TR is taken into

account due to its higher 𝑅2. A value of 9.596 Ω was derived for
𝑅𝑆 ,STC. This value is the highest among all the modules under study.
The corresponding value for temperature coefficient 𝜅 is −0.0686 Ω∕◦C.
Comparing these two results with the values obtained for the module
𝐶, we can conclude that the series resistance of a CdS/CdTe module has
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Fig. 8. Parasitic resistances and ideality factor of module 𝐶 using different methods of parameter identification.
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a thermal behavior similar to an amorphous module (very high 𝑅𝑆 but
decreasing with rising 𝑇 ). As for 𝑅𝑆 ℎ, according to our experiments, the
influence of 𝑇 is not significant. We obtained a mean value of 1382 Ω
(that is also the highest among all the modules). It can be seen that the
identification methods DE and CMAES overestimate 𝑅𝑆 ℎ with respect
TR that reports a smaller standard deviation. The value obtained for the
diode ideality factor 𝑚 is also very high (3.24) with a very low positive
slope with respect to 𝑇 (𝜇 = +0.006 1/◦C).

3.5. Module 𝐹 (CIS)

Fig. 13 presents the results obtained for the main electrical pa-
ameters and temperature coefficients of module 𝐹 which is a CIS
odule. We found that, 𝐼SC is almost constant with respect 𝑇 , in

uch a way we can assume 𝛼 ≈ 0.00 A/◦C obtaining a mean value
SC,STC = 2.965 A which is a bit lower than the nominal one 3.18 A.
n fact, the manufacturer provided a very low 𝛼 (+0.001 A/◦C). This
12 
agrees with most of the previous authors [11,12,75,77], which report
values under +0.02%/◦C (possibly it is required a temperature spam
igher than 10 ◦C to observe more variation of 𝐼SC). The estimates
btained for𝑉OC,STC and 𝛽 (see Fig. 13(b)) are 55.22 V and −0.142 V/◦C,

respectively (versus nominal values 59.7 V and −0.220 V/◦C), resulting
a great discrepancy between our estimation of 𝛽 and the one provided
y the manufacturer (as happens with module 𝐷). In addition (see

Fig. 13(c)), our estimate of 𝑃max,STC = 100.2 W is significantly lower
than its nominal value (120 W) with also a high discrepancy between
the values of 𝛾 (−0.35 W/◦C experimental versus −0.6 W/◦C nominal).
The relative value of 𝛾 is −0.35 %/◦C, that is very close to the value
provided by Virtuani et al. [11] (−0.36 %/◦C) or by Mitterhofer et al.
[75] (−0.33 %/◦C) for other modules of the same technology.

The parasitic resistances and ideality factor obtained for module
𝐹 are shown in Fig. 14. Analyzing Fig. 14(a), it is not possible to
see a relationship between the device temperature 𝑇 and the series
resistance 𝑅 , so we only provide the mean value 𝑅 = 2.22 Ω
𝑆 𝑆 ,STC
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Fig. 9. Main electrical parameters and temperature coefficients of module 𝐷.
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throughout the studied temperature range (the three parameter identi-
fication methods report very similar figures). The intrinsic parameters
of a CIS module of the same manufacturer and similar specifications
were identified by Ibrahim et al. [78] based on triple diode model and
ifferent evolutionary algorithms, and the mean value of 𝑅𝑆 among

all the specimens was between 1.067 Ω and 1.951 Ω, depending on the
identification method (the method proposed by those authors estimated
𝑆 = 1.697 Ω). This previous work also provided values for 𝑅𝑆 ℎ, but in

hat case the gaps between the different estimates were very large (from
45 Ω and 2 788 Ω, being 1 192 Ω the value obtained by the proposed
pproach [78]). Our experimental result for 𝑅𝑆 ℎ, shown in Fig. 14(b),

is 𝑅𝑆 ℎ,STC = 503 Ω. Regarding the variability of 𝑅𝑆 ℎ with respect 𝑇 , the
conclusion is similar to the one obtained with the other modules in this
paper: 𝑅 of this CIS module is not influenced by the increment of 𝑇 .
𝑆 ℎ

13 
Finally, from Fig. 14(c), the diode ideality factor 𝑚 for this CIS module
an be expressed through a linear equation with 𝑚STC = 1.753 and a
egative slope with respect to 𝑇 of 𝜇 = −0.0049 1/◦C. This variation of

𝑚 is less significant than that observed in other thin-film modules (such
as modules 𝐶, 𝐷 or 𝐸).

According to these results, for none of the technologies under study
t is possible to derive a dependence of the shunt resistance 𝑅𝑆 ℎ with

respect the temperature. However, there are few papers in the literature
hat contradict this conclusion [2,14,23,41,43,79]. A possible reason

is that the authors of those studies consider a range of temperature
(for example from +10 ◦C until +70 ◦C) that is significantly wider than
the ones used in this paper. In fact, in all the cases discussed herein,
the temperature range spans about 10 ◦C (for example from +34 ◦C
until +44 ◦C in the case of Module A). In such a narrow range, the
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Fig. 10. Parasitic resistances and ideality factor of module 𝐷 using different methods of parameter identification.
Table 5
Summary of the experimental values of the main parameters and temperature coefficients.

A B C D E F
Technology - a- sc-Si mc-Si a-Si a-Si/𝜇c-Si CdS/CdTe CIS

𝐼SC,STC [A] 8.546 8.546 1.238 3.052 1.324 2.965
𝑉OC,STC [V] 22.03 21.84 94.3 58.50 86.84 55.22
𝑃max,STC [W] 142.0 137.4 72.6 116.7 66.9 100.2

𝑅𝑆 ,STC [Ω] 0.1476 0.1693 5.87 0.409 9.60 2.22
𝑅𝑆 ℎ,STC [Ω] 459 178 916 288 1382 503
𝑚STC [−] 1.199 1.256 3.023 2.301 3.24 1.753

𝛼 [A/◦C] +0.0032 +0.0050 +0.0008 +0.0021 +0.0007 ≈ 0.00
𝛽 [V/◦C] −0.074 −0.063 −0.31 −0.196 −0.109 −0.142
𝛾 [W/◦C] −0.65 −0.52 −0.15 −0.37 −0.09 −0.35
𝜅 [𝛺/◦C] +0.00047 +0.00046 −0.061 +0.0026 −0.069 ≈ 0.00
𝜇 [1/◦C] ≈ 0.00 ≈ 0.00 −0.016 −0.012 +0.006 −0.0049
14 
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Fig. 11. Main electrical parameters and temperature coefficients of module 𝐸.
dependence on the temperature is confused with the dispersion due to
noise. This is even more true if the temperature dependency is weak.

It is worth to note that the coefficient of determination 𝑅2 obtained
or some regression plots assumes a low value. This is critical when

studying the dependence on the temperature of the ideality factor 𝑚
r the series resistance 𝑅𝑆 , because some values of 𝑅2 are around 0.7
r even lower. This is due to the high sensitivity to the noise of the
easured I–V curve [61] of the methods used for identification of the

parameters.
15 
4. Conclusions

The first general conclusion is that for the crystalline silicon mod-
ules the values estimated from our experiments are closer to the nom-
inal ones than in the case of the thin-film modules. The estimated
values in this article can change over time, especially in thin-film
technologies, due to degradation of the specimens or spectral variations
of the sunlight throughout the year [80].

For all the specimens, the temperature coefficients 𝛼, 𝛽, and 𝛾 obtain
estimations as expected and according to previous literature, being
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Fig. 12. Parasitic resistances and ideality factor of module 𝐸 using different methods of parameter identification.
C
v
e

t

the thin-film technologies less sensitive to temperature changes. The
btained results using the different parameter identification methods
mply that the TR approach is the most suitable for the SDM model.
n addition, the series resistance 𝑅𝑆 values of the thin-film modules
ave also higher values than the crystalline silicon ones, especially the
odules a-Si and CdS/CdTe. Regarding its temperature coefficient 𝜅
e have observed a significant influence of the temperature on 𝑅𝑆

or all the technologies except for the CIS module. In case of a-Si and
dS/CdTe, a value of 𝜅 < 0 is obtained, which means a higher fill

actor for rising temperatures. Contrary, we found that for all the other
technologies 𝜅 > 0, meaning a negative effect of the temperature over
the fill factor and 𝑃max.

From our experience during these experiments (and from a previous
paper [61]), we can state that the most difficult parameter to identify is
the shunt resistance 𝑅𝑆 ℎ because it is very sensitive to the measurement
noise and the identification method.
16 
Finally, in the crystalline silicon cases, the value of 𝑚 can be
assumed as constant, in theory between 1 and 2, but for high-top
manufacturers, values lower than 1.3 are very common. However, that
is not true for the thin-film modules. On the one hand, the value of 𝑚
under STC could be greater than 2 or more (with the exception of the

IS technology). On the other hand, higher temperature means lower
alue of 𝑚 (except with CdS/CdTe), and that should have a positive
ffect on the fill factor and 𝑃max.

It is worth to note that the experimental results presented in this
article have been obtained under outdoor conditions. As the tempera-
ure of the PV modules cannot be controlled, the available temperature

range and the size of the data set are limited in order to ensure the
validity of the obtained results. In a further work, the results of a similar
experiment under indoor conditions will be presented; they will be

obtained by using a temperature control system allowing to range the
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Fig. 14. Parasitic resistances and ideality factor of module 𝐹 using different methods of parameter identification.
temperature from +10 ◦C until +70 ◦C and by acquiring hundreds of I–
curves between these two values. Then, the present results obtained

utdoors will be compared with the new indoor measurements in a
uture paper.

CRediT authorship contribution statement

Michel Piliougine: Writing – review & editing, Writing – origi-
nal draft, Visualization, Validation, Software, Methodology, Investiga-
tion, Data curation, Conceptualization. Luis Enrique Garcia-Marrero:
Software, Validation, Visualization, Writing – review & editing. Kari
Lappalainen: Writing – review & editing, Writing – original draft,
Methodology, Investigation. Giovanni Spagnuolo: Writing – review &
editing, Writing – original draft, Supervision, Project administration,
Methodology, Investigation, Funding acquisition.
18 
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We acknowledge the measurements provided by Prof. Mariano
Sidrach-de-Cardona from the University of Malaga.

Funding

This work was supported by the projects: PRIN2020 ‘‘HOTSPHOT
– A Holistic Monitoring and Diagnostic Tool for Photovoltaic Gener-
ators’’ (funded by the Ministero dell’Istruzione, dell’Università e della
Ricerca of Italy), PRIN2022PNRR ‘‘ISOPVDT – An isomorphism-based



M. Piliougine et al.

2

a

Renewable Energy 240 (2025) 122068 
digital twin for mismatched photovoltaic arrays control and diagnosis’’
(funded by the European Union – Next Generation EU, Mission 4
Component 1, CUP D53D23016000001), the Marie Skłodowska–Curie
grant agreement No 955614 (funded by European Union – Horizon
020 Research and Innovation Program), and the Research Council of

Finland (funding decision 348701).

Data availability

The raw data supporting the conclusions of this article will be made
vailable by the authors on request.

References

[1] H.J. Hovel, Temperature and intensity, in: R.K. Willardson, A.C. Beer (Eds.), Solar
Cells, in: Semiconductors and Semimetals, vol. 11, AC Academic Press, New Yor,
NY, USA, 1975, pp. 166–180, http://dx.doi.org/10.1016/S0080-8784(08)62349-
2, (Chapter 8).

[2] A. Dhass, P. Lakshmi, E. Natarajan, Investigation of performance parameters
of different photovoltaic cell materials using the Lambert–W function, Energy
Procedia 90 (2016) 566–573, http://dx.doi.org/10.1016/j.egypro.2016.11.225.

[3] M. Piliougine, G. Spagnuolo, M. Sidrach-de-Cardona, Series resistance temper-
ature sensitivity in degraded mono–crystalline silicon modules, Renew. Energy
162 (2020) 677–684, http://dx.doi.org/10.1016/j.renene.2020.08.026.

[4] M. Ratković, I. Marasović, I. Škalic, T. Betti, Determining series resistance
of the photovoltaic module, in: 2023 8th International Conference on Smart
and Sustainable Technologies, SpliTech, 2023, http://dx.doi.org/10.23919/
SpliTech58164.2023.10193529.

[5] C.S. Ruschel, F.P. Gasparin, E.R. Costa, A. Krenzinger, Assessment of PV modules
shunt resistance dependence on solar irradiance, Sol. Energy 133 (2016) 35–43,
http://dx.doi.org/10.1016/j.solener.2016.03.047.

[6] N. Veissid, A.M. De Andrade, The I–V silicon solar cell characteristic parameters
temperature dependence. an experimental study using the standard deviation method,
in: 10th E.C. Photovoltaic Solar Energy Conference, Lisbon, Portugal, 1991, pp.
43–47, http://dx.doi.org/10.1007/978-94-011-3622-8_11.

[7] K. Emery, J. Burdick, Y. Caiyem, D. Dunlavy, H. Field, B. Kroposki, T. Moriarty,
L. Ottoson, S. Rummel, T. Strand, M.W. Wanlass, Temperature dependence of
photovoltaic cells, modules and systems, in: 25th IEEE Photovoltaic Specialists
Conference, Washington, DC, USA, 1996, pp. 1275–1278, http://dx.doi.org/10.
1109/PVSC.1996.564365.

[8] D.L. King, J.A. Kratochvil, W.E. Boyson, Temperature coefficients for PV modules
and arrays: measurement methods, difficulties, and results, in: 26th IEEE Photo-
voltaic Specialists Conference PVSC, Anaheim (CA, USA), 1997, pp. 1183–1186,
http://dx.doi.org/10.1109/PVSC.1997.654300.

[9] E. Van Dyk, B. Scott, E. Meyer, A. Leitch, Temperature dependence of perfor-
mance of crystalline silicon photovoltaic modules, South Afr. J. Sci. 96 (2000)
198–200, https://hdl.handle.net/10520/AJA00382353_8904.

[10] A.H. Fanney, M.W. Davis, B.P. Dougherty, D.L. King, W.E. Boyson, J.A. Kra-
tochvil, Comparison of photovoltaic module performance measurements, J. Sol.
Energy Eng. 128 (2006) 152–159, http://dx.doi.org/10.1115/1.2192559.

[11] A. Virtuani, D. Pavanello, G. Friesen, Overview of Temperature Coefficients
of Different Thin Film Photovoltaic Technologies, Valencia, Spain, 2010, pp.
4248–4252, http://dx.doi.org/10.4229/25thEUPVSEC2010-4AV.3.83.

[12] R. Dubey, P. Batra, S. Chattopadhyay, A. Kottantharayil, B.M. Arora, K.L.
Narasimhan, J. Vasi, Measurement of temperature coefficient of photovoltaic
modules in field and comparison with laboratory measurements, in: 42nd IEEE
Photovoltaic Specialist Conference, PVSC, 2015, pp. 1–5, http://dx.doi.org/10.
1109/PVSC.2015.7355852.

[13] P. Dash, N. Gupta, Effect of temperature on power output from differ-
ent commercially available photovoltaic modules, Int. J. Eng. Res. Appl. 5
(1) (2015) 148–151, https://www.ijera.com/papers/Vol5_issue1/Part%20-%201/
R50101148151.pdf.

[14] D.T. Cotfas, P.A. Cotfas, O.M. Machidon, Study of temperature coefficients for
parameters of photovoltaic cells, Int. J. Photoenergy (2018) 5945602, http:
//dx.doi.org/10.1155/2018/5945602.

[15] B.R. Paudyal, A.G. Imenes, Investigation of temperature coefficients of PV
modules through field measured data, Sol. Energy 224 (2021) 425–439, http:
//dx.doi.org/10.1016/j.solener.2021.06.013.

[16] M. Piliougine, A. Oukaja, P. Sánchez-Friera, G. Petrone, F.J. Sánchez-Pacheco,
G. Spagnuolo, M. Sidrach–de–Cardona, Analysis of the degradation of single-
crystalline silicon modules after 21 years of operation, Prog. Photovoltaics 29
(2021) 907–919, http://dx.doi.org/10.1002/pip.3409.

[17] F.P. Gasparin, F.D. Kipper, F. Schuck de Oliveira, A. Krenzinger, Assessment
on the variation of temperature coefficients of photovoltaic modules with solar
irradiance, Sol. Energy 244 (2022) 126–133, http://dx.doi.org/10.1016/j.solener.
2022.08.052.
19 
[18] A. Meflah, A. Benzina, L. Boucena, Z. Smara, F. Chekired, A. Abdelkader, Impact
of voltage temperature coefficient on power prediction of four type silicon
photovoltaic module technologies installed in real conditions in the north-central
of Algeria, 8, 2023, pp. 1–7, http://dx.doi.org/10.51485/ajss.v8i1.179.

[19] S. Banerjee, W.A. Anderson, Temperature dependence of shunt resistance in
photovoltaic devices, Appl. Phys. Lett. 49 (1986) 38–40, http://dx.doi.org/10.
1063/1.97076.

[20] S. Özdemir, S. Altindal, Temperature dependent electrical characteristics of Al-
SiOx-pSi solar cells, Sol. Energy Mater. Sol. Cells 32 (1994) 115–127, http:
//dx.doi.org/10.1016/0927-0248(94)90297-6.

[21] E. Karatepe, M. Boztepe, M. Colak, Neural network based solar cell model, Energy
Convers. Manage. 47 (2006) 1159–1178, http://dx.doi.org/10.1016/j.enconman.
2005.07.007.

[22] Q. Bai, C. Nan, L. Zhou, Y. Yang, S. Mao, H. Han, H. Yang, H. Wang, Effect
of temperature on ideality factor for PERC monofacial crystalline silicon solar
module, in: 2021 IEEE 48th Photovoltaic Specialists Conference, PVSC, 2021,
pp. 0244–0247, http://dx.doi.org/10.1109/PVSC43889.2021.9518805.

[23] S. Bounouar, R. Bendaoud, H. Amiry, B. Zohal, F. Chanaa, E. Baghaz, C.
Hajjaj, S. Yadir, A.E. Rhassouli, M. Benhmida, Assessment of series resistance
components of a solar PV module depending on its temperature under real
operating conditions, Int. J. Renew. Energy Res. 10 (2020) 1554–1565, http:
//dx.doi.org/10.20508/ijrer.v10i4.11240.g8040.

[24] S. Bensalem, M. Chegaar, Thermal behavior of parasitic resistances of polycrys-
talline silicon solar cells, Revue Energies Renouvelables 16 (2013) 171–176,
http://dx.doi.org/10.54966/jreen.v16i1.372.

[25] M.S. Putri, A. Wati, A.S. Rini, L. Umar, Anti-reflecting coating to improve the
performance of polycrystalline photovoltaic module, J. Phys. Conf. Ser. 1655
(2020) 012016, http://dx.doi.org/10.1088/1742-6596/1655/1/012016.

[26] O.K. Ataboev, R.R. Kabulov, N.A. Matchanov, S.R. Egamov, Influence of temper-
ature on the output parameters of a photovoltaic module based on amorphous
hydrogenated silicon, Appl. Sol. Energy 55 (2019) 159–167, http://dx.doi.org/
10.3103/S0003701X19030022.

[27] H. Kim, B.G. Wojkovich, Effects of mechanical damage and temperature on the
electrical performance of CIGS thin-film solar cells, J. Photovoltaics 8 (2018)
1331–1336, http://dx.doi.org/10.1109/JPHOTOV.2018.2858557.

[28] G. Li, C. Wang, J. Lu, H. Zhang, Temperature impact on parameters of
In0 .3Ga0.7As PV cell under laser irradiation condition, AIP Adv. 9 (2019) 095053,
http://dx.doi.org/10.1063/1.5118930.

[29] D. Sahoo, N.B. Manik, Study on the effect of temperature on electrical and
photovoltaic parameters of lead-free tin-based perovskite solar cell, Indian J.
Phys. (2022) http://dx.doi.org/10.1007/s12648-022-02401-4.

[30] M. Derick, C. Rani, M. Rajesh, M. Farrag, Y. Wang, K. Busawon, An improved
optimization technique for estimation of solar photovoltaic parameters, Sol.
Energy 157 (2017) 116–124, http://dx.doi.org/10.1016/j.solener.2017.08.006.

[31] H. El Achouby, M. Zaimi, A. Ibral, E. Assaid, New analytical approach for
modelling effects of temperature and irradiance on physical parameters of
photovoltaic solar module, Energy Convers. Manage. 177 (2018) 258–271, http:
//dx.doi.org/10.1016/j.enconman.2018.09.054.

[32] A.J. Lawi, K.M. Begam, B.C. Babu, M.K. Umar, A modified approach for param-
eter estimation of photovoltaic (pv) module under varying climatic conditions,
in: IEEE 9th International Conference on System Engineering and Technology,
ICSET, 2019, pp. 425–430, http://dx.doi.org/10.1109/ICSEngT.2019.8906463.

[33] B. Nayak, A. Mohapatra, K.B. Mohanty, Parameter estimation of single diode
PV module based on gwo algorithm, Renew. Energy Focus 30 (2019) 1–12,
http://dx.doi.org/10.1016/j.ref.2019.04.003.

[34] M. Ćalasan, S.H. Abdel Aleem, A.F. Zobaa, On the root mean square error
(rmse) calculation for parameter estimation of photovoltaic models: A novel exact
analytical solution based on lambert w function, Energy Convers. Manage. 210
(2020) 112716, http://dx.doi.org/10.1016/j.enconman.2020.112716.

[35] J. Feng, X. Zeng, B. Zhang, J. Liu, C. Xu, F. Yu, An analytical and adaptive
method for solar photovoltaic modules parameters extraction, Renew. Energy
236 (2024) 121491, http://dx.doi.org/10.1016/j.renene.2024.121491.

[36] S.S. Reddy, C. Yammani, Parameter extraction of single-diode photovoltaic
module using experimental current–voltage data, Int. J. Circuit Theory Appl.
50 (2022) 753–771, http://dx.doi.org/10.1002/cta.3133.

[37] T.T. Nguyen, Parameter estimation of photovoltaic module relied on golden
jackal optimization, Arch. Electr. Eng. 72 (2023) 987–1003, http://dx.doi.org/
10.24425/aee.2023.147422.

[38] M. Ćalasan, I. Radonjić, M. Micev, M. Petronijević, L. Pantić, Voltage root mean
square error calculation for solar cell parameter estimation: A novel g-function
approach, Heliyon 10 (2024) e37887, http://dx.doi.org/10.1016/j.heliyon.2024.
e37887.

[39] J.J. Soon, K.-S. Low, Photovoltaic model identification using particle swarm
optimization with inverse barrier constraint, IEEE Trans. Power Electron. 27
(2012) 3975–3983, http://dx.doi.org/10.1109/TPEL.2012.2188818.

[40] D. Alam, D. Yousri, M. Eteiba, Flower pollination algorithm based solar PV
parameter estimation, Energy Convers. Manage. 101 (2015) 410–422, http:
//dx.doi.org/10.1016/j.enconman.2015.05.074.

[41] A. Hali, Y. Khlifi, Efficient modeling of three types photovoltaic panels character-
istics with experimental validation under variable weather conditions, Appl. Sol.
Energy 59 (2023a) 903–918, http://dx.doi.org/10.3103/S0003701X23601631.

http://dx.doi.org/10.1016/S0080-8784(08)62349-2
http://dx.doi.org/10.1016/S0080-8784(08)62349-2
http://dx.doi.org/10.1016/S0080-8784(08)62349-2
http://dx.doi.org/10.1016/j.egypro.2016.11.225
http://dx.doi.org/10.1016/j.renene.2020.08.026
http://dx.doi.org/10.23919/SpliTech58164.2023.10193529
http://dx.doi.org/10.23919/SpliTech58164.2023.10193529
http://dx.doi.org/10.23919/SpliTech58164.2023.10193529
http://dx.doi.org/10.1016/j.solener.2016.03.047
http://dx.doi.org/10.1007/978-94-011-3622-8_11
http://dx.doi.org/10.1109/PVSC.1996.564365
http://dx.doi.org/10.1109/PVSC.1996.564365
http://dx.doi.org/10.1109/PVSC.1996.564365
http://dx.doi.org/10.1109/PVSC.1997.654300
https://hdl.handle.net/10520/AJA00382353_8904
http://dx.doi.org/10.1115/1.2192559
http://dx.doi.org/10.4229/25thEUPVSEC2010-4AV.3.83
http://dx.doi.org/10.1109/PVSC.2015.7355852
http://dx.doi.org/10.1109/PVSC.2015.7355852
http://dx.doi.org/10.1109/PVSC.2015.7355852
https://www.ijera.com/papers/Vol5_issue1/Part%2520-%25201/R50101148151.pdf
https://www.ijera.com/papers/Vol5_issue1/Part%2520-%25201/R50101148151.pdf
https://www.ijera.com/papers/Vol5_issue1/Part%2520-%25201/R50101148151.pdf
http://dx.doi.org/10.1155/2018/5945602
http://dx.doi.org/10.1155/2018/5945602
http://dx.doi.org/10.1155/2018/5945602
http://dx.doi.org/10.1016/j.solener.2021.06.013
http://dx.doi.org/10.1016/j.solener.2021.06.013
http://dx.doi.org/10.1016/j.solener.2021.06.013
http://dx.doi.org/10.1002/pip.3409
http://dx.doi.org/10.1016/j.solener.2022.08.052
http://dx.doi.org/10.1016/j.solener.2022.08.052
http://dx.doi.org/10.1016/j.solener.2022.08.052
http://dx.doi.org/10.51485/ajss.v8i1.179
http://dx.doi.org/10.1063/1.97076
http://dx.doi.org/10.1063/1.97076
http://dx.doi.org/10.1063/1.97076
http://dx.doi.org/10.1016/0927-0248(94)90297-6
http://dx.doi.org/10.1016/0927-0248(94)90297-6
http://dx.doi.org/10.1016/0927-0248(94)90297-6
http://dx.doi.org/10.1016/j.enconman.2005.07.007
http://dx.doi.org/10.1016/j.enconman.2005.07.007
http://dx.doi.org/10.1016/j.enconman.2005.07.007
http://dx.doi.org/10.1109/PVSC43889.2021.9518805
http://dx.doi.org/10.20508/ijrer.v10i4.11240.g8040
http://dx.doi.org/10.20508/ijrer.v10i4.11240.g8040
http://dx.doi.org/10.20508/ijrer.v10i4.11240.g8040
http://dx.doi.org/10.54966/jreen.v16i1.372
http://dx.doi.org/10.1088/1742-6596/1655/1/012016
http://dx.doi.org/10.3103/S0003701X19030022
http://dx.doi.org/10.3103/S0003701X19030022
http://dx.doi.org/10.3103/S0003701X19030022
http://dx.doi.org/10.1109/JPHOTOV.2018.2858557
http://dx.doi.org/10.1063/1.5118930
http://dx.doi.org/10.1007/s12648-022-02401-4
http://dx.doi.org/10.1016/j.solener.2017.08.006
http://dx.doi.org/10.1016/j.enconman.2018.09.054
http://dx.doi.org/10.1016/j.enconman.2018.09.054
http://dx.doi.org/10.1016/j.enconman.2018.09.054
http://dx.doi.org/10.1109/ICSEngT.2019.8906463
http://dx.doi.org/10.1016/j.ref.2019.04.003
http://dx.doi.org/10.1016/j.enconman.2020.112716
http://dx.doi.org/10.1016/j.renene.2024.121491
http://dx.doi.org/10.1002/cta.3133
http://dx.doi.org/10.24425/aee.2023.147422
http://dx.doi.org/10.24425/aee.2023.147422
http://dx.doi.org/10.24425/aee.2023.147422
http://dx.doi.org/10.1016/j.heliyon.2024.e37887
http://dx.doi.org/10.1016/j.heliyon.2024.e37887
http://dx.doi.org/10.1016/j.heliyon.2024.e37887
http://dx.doi.org/10.1109/TPEL.2012.2188818
http://dx.doi.org/10.1016/j.enconman.2015.05.074
http://dx.doi.org/10.1016/j.enconman.2015.05.074
http://dx.doi.org/10.1016/j.enconman.2015.05.074
http://dx.doi.org/10.3103/S0003701X23601631


M. Piliougine et al. Renewable Energy 240 (2025) 122068 
[42] A. Hali, Y. Khlifi, Fast and efficient way of PV parameters estimation based on
combined analytical and numerical approaches, Appl. Sol. Energy 59 (2023b)
135–151, http://dx.doi.org/10.3103/S0003701X23700019.

[43] E. Cuce, P.M. Cuce, T. Bali, An experimental analysis of illumination intensity
and temperature dependency of photovoltaic cell parameters, Appl. Energy 111
(2013) 374–382, http://dx.doi.org/10.1016/j.apenergy.2013.05.025.

[44] F. Ghani, G. Rosengarten, M. Duke, J. Carson, On the influence of temperature on
crystalline silicon solar cell characterisation parameters, Sol. Energy 112 (2015)
437–445, http://dx.doi.org/10.1016/j.solener.2014.12.018.

[45] IEC TS 61836:2016, Solar Photovoltaic Energy Systems – Terms, Defini-
tions and Symbols, 3 ed., International Electrotechnical Commission IEC,
Geneva, Switzerland, ISBN: 978-2-8322-3762-5, 2021, https://webstore.iec.ch/
publication/28612.

[46] M. Piliougine, J. Carretero, L. Mora-López, M. Sidrach–de–Cardona, Experimental
system for current–voltage curve measurement of photovoltaic modules under
outdoor conditions, Prog. Photovoltaics 19 (2011) 591–602, http://dx.doi.org/
10.1002/pip.1073.

[47] M. Piliougine, J. Carretero, L. Mora-López, M. Sidrach–de–Cardona, New
software tool to characterize photovoltaic modules from commercial equipment,
WEENTECH Proc. Energy 4 (2019) 211–220, https://www.researchgate.net/
publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_
from_commercial_equipment.

[48] K. Emery, Photovoltaic Calibrations at the National Renewable Energy Laboratory
and Uncertainty Analysis Following the ISO 17025 Guidelines, NREL/TP-5J00-
66873, National Renewable Energy Laboratory NREL, Golden, CO, USA, 2016,
http://dx.doi.org/10.2172/1328360.

[49] P. Rodrigues, J. Camacho, F. Matos, The application of trust region method to
estimate the parameters of photovoltaic modules through the use of single and
double exponential models, in: International Conference on Renewable Energies
and Power Quality, ICREPQ’ 11, Las Palmas de Gran Canaria (Spain), 2011,
http://dx.doi.org/10.24084/repqj09.380.

[50] J. Xu, C. Zhou, W. Li, Photovoltaic single diode model parameter extraction
by di/dv-assisted deterministic method, Sol. Energy 251 (2023) 30–38, http:
//dx.doi.org/10.1016/j.solener.2023.01.009.

[51] S. Gao, K. Wang, S. Tao, T. Jin, H. Dai, J. Cheng, A state-of-the-art dif-
ferential evolution algorithm for parameter estimation of solar photovoltaic
models, Energy Convers. Manage. 230 (2021) 113784, http://dx.doi.org/10.
1016/j.enconman.2020.113784.

[52] Y. Yu, K. Wang, T. Zhang, Y. Wang, C. Peng, S. Gao, A population diversity-
controlled differential evolution for parameter estimation of solar photovoltaic
models, Sustain. Energy Technol. Assess. 51 (2022) 101938, http://dx.doi.org/
10.1016/j.seta.2021.101938.

[53] D.L. King, W.E. Boyson, J.A. Kratochvil, Photovoltaic Array Performance Model,
SAND2004-3535, Sandia National Laboratories, Albuquerque (NM, USA), 2004,
http://dx.doi.org/10.2172/919131.

[54] C.R. Osterwald, T. Glatfelter, J. Burdick, Comparison of the temperature coef-
ficients of the basic I–V parameters for various types of solar cells, in: 19th
IEEE Photovoltaic Specialists Conference PVSC, New Orleans (LA, USA), 1987,
pp. 188–193, https://research-hub.nrel.gov/en/publications/comparison-of-the-
temperature-coefficients-of-the-basic-i-v-param.

[55] IEC 60891:2021, Photovoltaic devices – Procedures for Temperature and Ir-
radiance Corrections to Measured I–V Characteristics, 3 ed., International
Electrotechnical Commission IEC, Geneva, Switzerland, 2021, https://webstore.
iec.ch/publication/61766, ISBN: 978-2-8322-1036-0.

[56] F. Khan, S.-H. Baek, J.H. Kim, Wide range temperature dependence of analytical
photovoltaic cell parameters for silicon solar cells under high illumination condi-
tions, Appl. Energy 183 (2016) 715–724, http://dx.doi.org/10.1016/j.apenergy.
2016.09.020.

[57] G.A. Landis, Review of solar cell temperature coefficients for space, in: 13th
Space Photovoltaic Research and Technology Conference SPRAT, N95-20514,
1994, pp. 385–399, https://ntrs.nasa.gov/search.jsp?R=19950014125.

[58] M.A. Green, General temperature dependence of solar cell performance and
implications for device modelling, Prog. Photovolt., Res. Appl. 11 (2003)
333–340, http://dx.doi.org/10.1002/pip.496.

[59] O. Dupré, R. Vaillon, M.A. Green, Temperature coefficients of photovoltaic
devices, in: Thermal Behavior of Photovoltaic Devices: Physics and Engineering,
Springer International Publishing, ISBN: 978-3-319-49457-9, 2017, pp. 29–74,
http://dx.doi.org/10.1007/978-3-319-49457-9_2.

[60] K.J. Sauer, T. Roessler, C.W. Hansen, Modeling the irradiance and temperature
dependence of photovoltaic modules in PVsyst, IEEE J. Photovoltaics 5 (2015)
152–158, http://dx.doi.org/10.1109/JPHOTOV.2014.2364133.
20 
[61] L. Garcia-Marrero, M. Piliougine, G. Petrone, M. De Riso, P. Guerriero, E. Mon-
masson, Challenges in photovoltaic parameter identification under mismatching
conditions, in: 2023 International Conference on Clean Electrical Power, ICCEP,
2023, pp. 436–444, http://dx.doi.org/10.1109/ICCEP57914.2023.10247445.

[62] M. Piliougine, P. Sánchez-Friera, G. Spagnuolo, Comparative of IEC 60891 and
other procedures for temperature and irradiance corrections to measured I–V
characteristics of photovoltaic devices, Energies 17 (2024) 566, http://dx.doi.
org/10.3390/en17030566.

[63] M. Hamdy, R. Call, The effect of the diode ideality factor on the experimental
determination of series resistance of solar cells, Sol. Cells 20 (1987) 119–126,
http://dx.doi.org/10.1016/0379-6787(87)90036-6.

[64] R.G. Pratt, J. Burdick, Performance of a 4 kW amorphous–silicon alloy photo-
voltaic array at Oakland Community College, Auburn Hills, Michigan, in: 20th
IEEE Photovoltaic Specialists Conference, 2, Las Vegas, NV, USA, 1988, pp.
1272–1277, http://dx.doi.org/10.1109/PVSC.1988.105909.

[65] K. Lappalainen, P. Manganiello, M. Piliougine, G. Spagnuolo, S. Valkealahti,
Virtual sensing of photovoltaic module operating parameters, IEEE J. Photovolt.
10 (2020) 852–862, http://dx.doi.org/10.1109/JPHOTOV.2020.2972688.

[66] M. Laurino, M. Piliougine, G. Spagnuolo, Artificial neural network based pho-
tovoltaic module diagnosis by current–voltage curve classification, Sol. Energy
236 (2022) 383–392, http://dx.doi.org/10.1016/j.solener.2022.02.039.

[67] D. King, J. Kratochvil, W. Boyson, Stabilization and performance characteristics
of commercial amorphous-silicon PV modules, in: 28th IEEE Photovoltaic Spe-
cialists Conference (PVSC), Anchorage, AK, USA, 2000, pp. 1446–1449, http:
//dx.doi.org/10.1109/PVSC.2000.916165.

[68] Y. Riesen, M. Stuckelberger, F.-J. Haug, C. Ballif, N. Wyrsch, Temperature
dependence of hydrogenated amorphous silicon solar cell performances, J. Appl.
Phys. 119 (2016) 044505, http://dx.doi.org/10.1063/1.4940392.

[69] H. Kang, Crystalline silicon vs. amorphous silicon: the significance of structural
differences in photovoltaic applications, IOP Conf. Ser.: Earth Environ. Sci. 726
(2021) 012001, http://dx.doi.org/10.1088/1755-1315/726/1/012001.

[70] R. Eke, S. Oktik, Seasonal variation of internal parameters of an amorphous
silicon (a-si) thin film photovoltaic module, Int. J. Renew. Energy Res. 2 (2012)
549–555, https://www.ijrer.org/ijrer/index.php/ijrer/article/view/281.

[71] G.O. Osayemwenre, E.L. Meyer, Confirmation of the degradation of single
junction amorphous silicon modules (a-Si:H), Int. J. Photoenergy 2019 (2019)
3452180, http://dx.doi.org/10.1155/2019/3452180.

[72] R. Kind, R.A.C.M.M. van Swaaij, F.A. Rubinelli, S. Solntsev, M. Zeman, Thermal
ideality factor of hydrogenated amorphous silicon p-i-n solar cells, J. Appl. Phys.
110 (2011) 104512, http://dx.doi.org/10.1063/1.3662924.

[73] T. Markvart, L. Castañer, Principles of solar cell operation, in: A. McEvoy,
T. Markvart, L. Castañer (Eds.), Practical Handbook of Photovoltaics, Second
Edition, Academic Press, Boston, 2012, pp. 7–31, http://dx.doi.org/10.1016/
B978-0-12-385934-1.00001-5, (Chapter ia-1).

[74] E.L. Meyer, Extraction of saturation current and ideality factor from measuring
Voc and Isc of photovoltaic modules, Int. J. Photoenergy 2017 (2017) 8479487,
http://dx.doi.org/10.1155/2017/8479487.

[75] S. Mitterhofer, B. Glazar, M. Jankovec, M. Topic, The development of thermal
coefficients of photovoltaic devices, J. Microelectron. Electron. Comp. Mater. 49
(2019) 219–227, http://dx.doi.org/10.33180/InfMIDEM2019.404.

[76] N. Kata, Y.M. Soro, D. Diouf, A. Darga, A.S. Maiga, Temperature impact on dusty
and cleaned photovoltaic module exposed in sub-saharan outdoor conditions, EPJ
Photovoltaics 9 (2018) http://dx.doi.org/10.1051/epjpv/2018007.

[77] E. Salis, D. Pavanello, I. Kröger, S. Winter, K. Bothe, D. Hinken, T. Gandy,
J. Hohl-Ebinger, G. Friesen, S. Dittmann, J. Dubard, H. Müllejans, Results
of four european round-robins on short-circuit current temperature coefficient
measurements of photovoltaic devices of different size, Sol. Energy 179 (2019)
424–436, http://dx.doi.org/10.1016/j.solener.2018.10.051.

[78] I.A. Ibrahim, M. Hossain, B.C. Duck, M. Nadarajah, An improved wind driven op-
timization algorithm for parameters identification of a triple-diode photovoltaic
cell model, Energy Convers. Manage. 213 (2020) 112872, http://dx.doi.org/10.
1016/j.enconman.2020.112872.

[79] F. Khan, S. Baek, Y. Park, J.H. Kim, Extraction of diode parameters of silicon
solar cells under high illumination conditions, Energy Convers. Manage. 76
(2013) 421–429, http://dx.doi.org/10.1016/j.enconman.2013.07.054.

[80] M. Piliougine, P. Sánchez-Friera, G. Petrone, F.J. Sánchez-Pacheco, G. Spagnuolo,
M.S. de Cardona, New model to study the outdoor degradation of thin–film
photovoltaic modules, Renew. Energy 193 (2022) 857–869, http://dx.doi.org/
10.1016/j.renene.2022.05.063.

http://dx.doi.org/10.3103/S0003701X23700019
http://dx.doi.org/10.1016/j.apenergy.2013.05.025
http://dx.doi.org/10.1016/j.solener.2014.12.018
https://webstore.iec.ch/publication/28612
https://webstore.iec.ch/publication/28612
https://webstore.iec.ch/publication/28612
http://dx.doi.org/10.1002/pip.1073
http://dx.doi.org/10.1002/pip.1073
http://dx.doi.org/10.1002/pip.1073
https://www.researchgate.net/publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_from_commercial_equipment
https://www.researchgate.net/publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_from_commercial_equipment
https://www.researchgate.net/publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_from_commercial_equipment
https://www.researchgate.net/publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_from_commercial_equipment
https://www.researchgate.net/publication/330299304_New_software_tool_to_characterize_photovoltaic_modules_from_commercial_equipment
http://dx.doi.org/10.2172/1328360
http://dx.doi.org/10.24084/repqj09.380
http://dx.doi.org/10.1016/j.solener.2023.01.009
http://dx.doi.org/10.1016/j.solener.2023.01.009
http://dx.doi.org/10.1016/j.solener.2023.01.009
http://dx.doi.org/10.1016/j.enconman.2020.113784
http://dx.doi.org/10.1016/j.enconman.2020.113784
http://dx.doi.org/10.1016/j.enconman.2020.113784
http://dx.doi.org/10.1016/j.seta.2021.101938
http://dx.doi.org/10.1016/j.seta.2021.101938
http://dx.doi.org/10.1016/j.seta.2021.101938
http://dx.doi.org/10.2172/919131
https://research-hub.nrel.gov/en/publications/comparison-of-the-temperature-coefficients-of-the-basic-i-v-param
https://research-hub.nrel.gov/en/publications/comparison-of-the-temperature-coefficients-of-the-basic-i-v-param
https://research-hub.nrel.gov/en/publications/comparison-of-the-temperature-coefficients-of-the-basic-i-v-param
https://webstore.iec.ch/publication/61766
https://webstore.iec.ch/publication/61766
https://webstore.iec.ch/publication/61766
http://dx.doi.org/10.1016/j.apenergy.2016.09.020
http://dx.doi.org/10.1016/j.apenergy.2016.09.020
http://dx.doi.org/10.1016/j.apenergy.2016.09.020
https://ntrs.nasa.gov/search.jsp?R=19950014125
http://dx.doi.org/10.1002/pip.496
http://dx.doi.org/10.1007/978-3-319-49457-9_2
http://dx.doi.org/10.1109/JPHOTOV.2014.2364133
http://dx.doi.org/10.1109/ICCEP57914.2023.10247445
http://dx.doi.org/10.3390/en17030566
http://dx.doi.org/10.3390/en17030566
http://dx.doi.org/10.3390/en17030566
http://dx.doi.org/10.1016/0379-6787(87)90036-6
http://dx.doi.org/10.1109/PVSC.1988.105909
http://dx.doi.org/10.1109/JPHOTOV.2020.2972688
http://dx.doi.org/10.1016/j.solener.2022.02.039
http://dx.doi.org/10.1109/PVSC.2000.916165
http://dx.doi.org/10.1109/PVSC.2000.916165
http://dx.doi.org/10.1109/PVSC.2000.916165
http://dx.doi.org/10.1063/1.4940392
http://dx.doi.org/10.1088/1755-1315/726/1/012001
https://www.ijrer.org/ijrer/index.php/ijrer/article/view/281
http://dx.doi.org/10.1155/2019/3452180
http://dx.doi.org/10.1063/1.3662924
http://dx.doi.org/10.1016/B978-0-12-385934-1.00001-5
http://dx.doi.org/10.1016/B978-0-12-385934-1.00001-5
http://dx.doi.org/10.1016/B978-0-12-385934-1.00001-5
http://dx.doi.org/10.1155/2017/8479487
http://dx.doi.org/10.33180/InfMIDEM2019.404
http://dx.doi.org/10.1051/epjpv/2018007
http://dx.doi.org/10.1016/j.solener.2018.10.051
http://dx.doi.org/10.1016/j.enconman.2020.112872
http://dx.doi.org/10.1016/j.enconman.2020.112872
http://dx.doi.org/10.1016/j.enconman.2020.112872
http://dx.doi.org/10.1016/j.enconman.2013.07.054
http://dx.doi.org/10.1016/j.renene.2022.05.063
http://dx.doi.org/10.1016/j.renene.2022.05.063
http://dx.doi.org/10.1016/j.renene.2022.05.063

	Influence of the temperature on the intrinsic parameters of thin-film photovoltaic modules
	Introduction
	Methodology
	Results and discussion
	Modules A and B (sc-Si and mc-Si)
	Module C (a-Si)
	Module D (a-Si/µ c-Si)
	Module E (CdS/CdTe)
	Module F (CIS)

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


