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Abstract: This manuscript details a study focusing on determining the appropriate size for photovoltaic (PV) modules. The
research involves creating a mathematical model that considers how temperature impacts the energy output of PV modules. This
model, derived from empirical data, correlates sunlight and the highest ambient temperature to establish what's termed as
"temperature-induced efficiency" in PV module performance. This correlation can be incorporated into the standard PV array
sizing formula. The set of mathematical expressions provided facilitates calculating the dimensions of PV modules by factoring
in sunlight, temperature, and other relevant variables. The slight discrepancy of 0.85 percent between data obtained through our
equation and experimental data suggests a low level of error. These findings indicate that the formulated equation effectively
predicts temperature-induced efficiency in PV modules. Furthermore, applying this equation along with NASA's sunshine and
ambient temperature data allows for calculating the efficiency induced by temperature for specific cities. For instance, in
Ouagadougou, Peking, Paris, Brasilia, and Washington, the temperature-induced efficiencies are calculated as 0.9, 0.95, 0.96,
0.93, and 0.98, respectively.
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despite its negative impact on the technology's electrical
production, most PV array sizing formulas do not account for
the influence of temperature [4, 5]. To improve the
competitiveness of PV systems, it is critical that PV array
sizing incorporates all relevant parameters, including those
related to temperature effects.

The primary goal of this study is to develop a mathematical
expression that can be incorporated into the standard PV array
formula to account for temperature influence. The study
presented in this paper does not focus on the direct effects of
temperature on the operation of individual PV cells or
modules. Instead, it seeks to develop a mathematical
expression that can be seamlessly incorporated into the
standard PV array formula, accounting for temperature as an
important parameter.

The following is how the paper is structured:

1. Introduction

The primary goal of research into renewable energy (RE)
technologies is to convert RE resources into electrical energy
to power consumer loads. However, because they are installed
in an outdoor environment, continuous exposure to harsh
climatic conditions such as sunlight, precipitation, wind, and
so on may have an impact on the PV system's effectiveness [1].
A PV system, like any other industrial process, can experience
faults and anomalies that cause performance to suffer. Daily
monitoring of PV system status is critical for identifying the
causes that impede desired performance [2-4].

To advance solar photovoltaic technology and enable the
efficient harnessing of solar energy, experimental research
must be conducted to supplement existing theoretical
knowledge. In this context, our research has revealed that,
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Section 2 details the materials and methods. Section 3 is
devoted to the interpretation of the results, and Section 4 is
devoted to the conclusion.

2. Materials and Methods

This section delves into the various aspects of the
methodology used in this study. Using the PV cell's two
diodes model, we combine experimentation and simulation.
Indeed, the two diodes model take into account various
parameters which are necessary in this study, as compared to
the single diode model [6].

2.1. Theoretical Study

In this section, we will explore the two diodes model of the
PV cell and the PV module. We also use various expressions
related to the modeling of the PV module to determine its
energy production.

2.1.1. Modeling of the PV Cell

Several mathematical models were developed based on the
internal structure of the PV cell to translate its behavior. The
mathematical models with one diode, two diodes, and Bishop
are the most commonly used [7-11].

Because it better matches the experimental curves of PV
cells, the advanced two-diode model is widely used. The
model can describe the breakdown region at high negative

voltages for PV cells that are driven in the negative voltage
range. This must be considered when researching PV cells that
are partially shaded and are part of a PV module. Using the
simple diode model, Bishop [28] proposed an equation in
which the avalanche effect is expressed as a nonlinear
multiplication factor that affects the shunt resistance current
term.
Figure 1 depicts the PV cell equivalent circuit.
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Figure 1. PV cell electronic model.
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Kirchhoff’s first law carries the following relationship
between PV cell current and voltage:

0= f(V: = Ipycer = Ip1 — Ipz = Ispeer — 1 (1

Then, the photon-current generated can be calculated using
Eq. (2), which describes the I-V characteristics of a PV cell

[6]:

I = Ipycer — Ioa [exp {M} - 1] — Iy [esz {—q(V+RSI)} - 1] - (V+RSI) )

aVr

Where Vi, = kT/q is the thermal voltage, Ip, is the
current generated by the incident light, q is the electron
charge, kis the Boltzmann constant, Tis the temperature of
the p-n junction,Rg is the series resistance, Rgpis the shunt
resistance, I,; and I,, are the reverse saturation currents of
diode 1 and diode 2 respectively. I is the photocurrent of
the PV cell. We can determine it using the following equation
3)[11, 14, 15]:

Iphccl = G_g

gréf

[Iphcclrcf + Hice X (chl'chlrcf)] (3)

G, is the global solar radiation. G, Iphceirer and Teeirer are
respectively the global solar radiation, the photo-current and
the temperature of the PV cell under standard reference
conditions (Gger = 1000 W / m°, Teerer = 25°C). i is the
short-circuit temperature coefficient and T, represents the
junction temperature of the PV cell and its value is determined
from the following relation (3) [17, 18]:

NOCT-20
———XG,

Teer =T + 800 g

4)
NOCT is the nominal operating temperature of the PV cell
defined in the particular operating conditions of the PV cell
relating to the solar distribution spectrum AMIL.5, solar
radiation of 800 W/m?, an ambient temperature of 20°C and a
wind speed at 1 m/s. Ta is the ambient temperature [19].
In equation (1), q is the charge of the electron (q=1.6x10™"’

azVr Rsh

C), k the Boltzmann constant (k = 1.38x10% J / K), n the
ideality factor of the diode and I, is the saturation current of
the diode D. I is also expressed as a function of the junction
temperature of the PV cell by the relation (4) [11, 20]:

cel qXEg 1 1

T 3
Licer = Iscelréf X (Tcelr’f) X exp[ ik
e

5
Tcelréf Tcel)] ( )
Lscelrer T€presents the saturation current of the PV cell diode
under standard conditions and E, is the gap energy whose
value for crystalline silicon at 0 K'is 1.12 eV.

2.1.2. Modeling of the PV Module

A PV module is a grouping of PV cells that are connected in
series or parallel to increase the required electrical power. The
I-V characteristic of series-connected PV cells is derived by
adding the induced voltages at the same output current. In the
case of parallel-connected PV cells, however, the induced
currents are added at the same terminal voltage [28]. The
parameters to be added will theoretically be a multiple of one
parameter and the number of cells, assuming identical PV
cells. Experience has taught us that this assumption is not
always correct. Although the PV cells have the same
specifications, there are minor differences in manufacturing
points under the same insolation level. This phenomenon is
known as mismatched operation of PV cells. Thus, the model
described in Section 2.1.1 for a PV cell can be extended to a
PV module consisting of Ns series PV cells and Np parallel
PV cells [28]. The numerical equation for the current I of a PV
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module arranged in Np parallel and Ng series PV cells

I'= Nplpy — Nply; [exp {w} - 1] — Nply, [exp {—q(VWRSI)} — 1] — (W)

Ng.a1Vr
Where y = s / N,

2.1.3. Impact of the Temperature and Solar Radiation on the
Productivity of a PV Module

When exposed to the Sun, the PV module is directly
affected by solar radiation and temperature. These two
climatic parameters thus influence its electrical performance
[9, 12, 16, 23, 24].

Indeed, the characteristic (I-V) of an illuminated
photovoltaic (PV) cell or a PV module varies with temperature,
according to M. Libra and V. Poulek of the manuscript [23].
The phenomenon is explained by solid-state physics theory.
The lower the open circuit voltage and the higher the short
circuit current, the higher the temperature. The band theory of
solid-state physics is used to explain this behavior. In the case
of solar radiation, the higher the intensity, the more photons
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arrive on the PV cell or module, resulting in large
electron-hole pairs that induce the electric current.

Figure 2 shows the short circuit current (Isc) and
open-circuit voltage (Voc) in relation to the time of day [24]. It
is obvious that Isc and V¢ increase in proportion to time,
reaching their peak levels in about 12 hours. The V¢, on the
other hand, varies in a logarithmic fashion, whereas the Igc is
directly proportional to the intensity of the incoming light The
Voc curve shows a slight decrease around 12 hours and 15
minutes, which could be attributed to factors such as the high
temperatures at this time of day. Figure 2 depicts how the
effectiveness of solar PV modules decreases as irradiance
increases. When extreme temperatures are not considered,
combined with a significant variation in irradiance, it can lead
to under-sizing of PV systems, which can result in losses or
failure of the PV system [24].

24

Q,,_-_i *“MMW_;’:;N‘

‘A
20 £
16 adropinV,. \
12 i
i
3

Open circuit voltage V (V)

TR R b+

4

!
i
8:

" 10115 1215 1615  18:15

Times of day

7:15
(b)

Figure 2. Impact of temperature on Isc and Voc [24].

2.1.4. Formula for Sizing a PV Module Field Currently Used

The goal of PV module sizing is to determine the total
number of PV modules or their total peak power required to
meet the energy needs of a given set of electrical equipment.
The following formula is used to dimension a PV module field
(7) [25-27]:

Ej

KpXH

F.(Wc) =

(M
with

Ej = Yk=1 P X ty (®)
where Ej denotes the amount of electrical energy to be
supplied to electrical appliances. H stands for solar insolation.

Py is the electrical power of the electrical equipment and t;
the operating time of the electrical device.

Kp is the overall yield and is calculated using the yields of
each electronic device in the solar energy production chain. It
is expressed in terms of relation (9).

Ky = Tg=17 ©)

where 1y is the efficiency of each electronic device inserted in
the photovoltaic energy production chain.

2.2. Experimental Investigation

The availability of experimental data is a requirement for
conducting an experimental investigation on the dimensioning
of a field of PV modules while taking temperature into
account. As a result, we employ one year of experimental data
on solar radiation and PV module temperature. These data
were collected using the data acquisition system installed in
the 85 kWp photovoltaic power plant connected to the
electricity network of Burkina Faso's Ministry of Environment.
Figure 3 depicts the data measurement system, which consists
primarily of:

1. a data acquisition system called Sunny web box;

2. Sensors for ambient temperature, PV module
temperature, and solar radiation. These sensors are
linked to the Sunny web box by a device known as the
Sunny sensor box.

Figure 3 shows the measuring device.
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Figure 3. Experimental devices for monitoring the behavior of a PV system connected to the national grid.

3. Results and Discussion

The research conducted in this document enabled us to
obtain the results that we will present in this section.

3.1. Energy Production of a PV Module at Standard and
Real Temperatures

In this section, the energy production of a PV module at
25°C is compared to the energy production of the PV module
at the temperature in real-world climatic conditions. To do so,

we use equation 8 to calculate the daily energy production of a
225 Wp PV module.

The calculation of the real daily energy production is
performed using data from the solar radiation (W/m?) and the
temperature of the PV module obtained in real climatic
conditions at the Ministry of the Environment's PV plant. In
addition, we simulate the energy production of the same PV
module with the same measured solar radiation data but at a
temperature of 25°C in this study. The obtained results cover a
one-year period and are represented by the curves in figure 4.
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Figure 4. Monthly average energy production of the PV module field at 25°C and real temperature condition.
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Figure 4 shows that the average energy production of a PV
module under real-world temperature conditions is lower than
that at 25°C. Remember that a PV module operates in
real-world climatic conditions at temperatures that are
generally higher than 25°C. The decrease in PV module
performance caused by temperature in real-world climatic
conditions demonstrates that the impact of temperature is very
real and can be attributed to the effect of an energy production
efficiency induced by temperature, the value of which is
between 0 and 1.

The mathematical expression used in most PV module field
sizing takes into account the energy production of the PV field
under climatic conditions at a temperature of 25°C. As a result,
it is necessary to reformulate the PV module field
dimensioning equation by incorporating the effect of
temperature. This can be accomplished using the PV system
efficiency formula of Equation, which we develop below.

3.2. Mathematical Expression of the Efficiency of a PV
Module

The concept of temperature-induced efficiency in the
production of a PV module will be used to model the impact of
temperature on the performance of PV modules under
real-world climatic conditions. This yield is the ratio of a PV
module's daily energy production under climatic conditions at
real temperature to a PV module's daily energy production
under conditions at 25°C temperature with equal sunshine. To
calculate this induced yield, we conducted research to develop
this mathematical relationship based on the amount of sunlight
and the maximum ambient temperature, which translates the
effect of temperature on the efficiency of a PV module field.

The research is carried out using a software application
whose database is used to create a mathematical expression that
links the temperature-induced efficiency to the maximum
ambient temperature and sunshine parameters.
Temperature-induced efficiency data is obtained using
measurements from the Ministry of Environment's PV plant.
The sunshine and maximum ambient temperature data used are
also obtained from the Ministry of Environment's PV plant.

The mathematical function retained is given by formula
(10), which was obtained using software that provides several
mathematical expressions. This one produces the best results
in terms of reproducing the values of efficiency induced by
temperature based on data on sunshine and maximum ambient

temperature.
Ntemp = A+ B X H + C X Tygy (10)

H (kWh/m?®) is the sunshine, Ty (°C) denotes the
maximum ambient temperature. Table 1 shows the
coefficients A, B, and C.

Table 1. Coefficients for formula (17).

A New Approach to Sizing PV Modules While Accounting the Effect of Temperature

Figure 5 depicts the curve derived from experimental data
on temperature-induced efficiency and that resulting from
equation (10).
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Figure 5. Temperature-induced yield on PV module production.

Figure 5 shows that the curve of the mathematical function
meets the point clouds of the experimental data at an
acceptable level. The relative error obtained from the
extracted data using equation 10 and those obtained
experimentally is of the order of 0.85 percent, which is
considered low. These results show that the developed
formula reproduces the temperature-induced efficiency values
of'a PV module satisfactorily.

We calculated the annual average values of
temperature-induced efficiency on PV module production in
some cities using equation 10 (our developed formula)
equation and NASA maximum ambient temperature and
insolation data. Table 2 displays the results.

Table 2. Annual average values of temperature-induced efficiency on PV
module production of some cities.

Country City Value
Burkina Faso Ouagadougou 0,90
South Africa Pretoria 0,93
Kenya Nairobi 0,93
Egypt Cairo 0,92
Tunisia Tunis 0,93
Saudi Arabia Riyadh 0,90
China Peking 0,95
Sweden Stockholm 0,98
French Paris 0,96
Brazil Brasilia 0,93
USA Washington 0,98

Coefficient Value

A 1.08055
B -0.00699
C -0.00381

3.3. Mathematical Model for Sizing the PV Module

The effect of temperature on the daily energy production of
PV modules, according to the previous study, induces a yield,
which we have modeled using equation 10. Thus, an update is
required in equation (7) for sizing the PV module field, which
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requires the integration of the parameter concerning the
efficiency induced by temperature to account for the impact of
heat on the performance of solar PV technology. As a result,
the new mathematical expression for dimensioning the PV
module field is (11):

P.(W¢) = ——J

Kp XH XNtemp

(11)

where Memp represents the efficiency induced by the
temperature on the production of the PV modules.

4. Conclusion

We conducted research in this paper to develop a
mathematical function that accounts for the effect of
temperature on the electrical production of a field of PV
modules and can be integrated into the standard sizing formula
for the field of PV modules. Temperature-induced efficiency
is the mathematical term for this relationship. It's a linear
function with two variables and three constants. The sunshine
and the maximum ambient temperature are the variables in the
mathematical function.

The combination of the efficiency induced by the
temperature function and the standard formula for sizing a PV
field of modules provides a complete relationship for
calculating the peak power of a PV field while taking sunlight
and temperature into account.
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