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Experimental and Modeling
of a Photovoltaic Panel
Efficiency under Equatorial
Africa Conditions: Influence
of Relative Humidity (RH)
and Temperature

Variation of the photovoltaic panels’ performance caused by severe
environmental conditions requires precise characterization of electrical
behavior dependence of this material with these atmospheric conditions. This
article presents environmental causes, in the equatorial Africa region,
especially in Gabon, Libreville city, of solar panels failure then presents
results from an experimental study (thanks to an in situ characterization
bench of photovoltaic solar panels) and a simulation model to predict the
efficiency of a system photovoltaic (PV) operating in harsh environmental
conditions such as an atmosphere of > 80 % of relative humidity (RH) and
temperature up to 40 °C and thus know the performance of these electrical
components. The objective of this paper is centered on the power and fill
factor, which is affected by parasitic (shunt) resistance, depending on open-
circuit voltage (Voc) and short circuit (Isc) current with the help of the
MATLAB model and experimental data. Results are discussed.
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1. Introduction

The demand for renewable energy sources has
increased to meet energy demand using conventional
systems [1,2]. The continued use of fossil fuels has
led to a reduction in fossil fuel deposits and has
significantly impacted the environment, affecting the
biosphere and contributing to global warming.

In equatorial Africa, solar energy is abundant and
can be harvested and used efficiently [3]. Solar
energy can be used as a standalone generating unit or
a grid-connected unit, depending on the availability
of a nearby grid.

Another advantage of using solar energy is the
easy access to portable operation wherever needed.
The power mechanisms have been significantly
reduced in size over the recent past years.
Photovoltaic modules (PV) are the main component
of a solar energy generation system.

In PV applications, some equipment may contain
components that are highly sensitive to
environmental conditions. One of the drawbacks of
PV is their sensitivity to extreme environmental
conditions, such as those found in equatorial Africa
[3,4]. By understanding how these unregulated
environmental factors affect the component and
using this knowledge in the design phase, equipment
reliability can be improved, reducing failures and
maintenance costs. Some studies have shown an
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aging correlation between relative humidity HR (%)
and temperature T [5-9].

The authors of a study conducted in Gabon
simulated the mathematical modeling of a PV module
using Matlab and analyzed characteristics such as
voltage-current (V-1) and power-voltage (P-V) for
different  parameters such as irradiances,
temperatures, relative humidity, and shunt resistance.
This study is the first to compare simulation results
with those of measurements made in real situations
on solar panels in Gabon.

Characterizations under natural light must be
made only when the light does not fluctuate by more
than 1% during the measurement. According to
standard IEC 60904-1, the following instrumentation
is required:

A calibrated reference cell (60904-2) or a
pyranometer, or a luxmeter, measuring the irradiance
received.

Temperature sensors (for the reference cell and
the cell tested) whose measurement has an
uncertainty of less than + 1% and a repeatability of
10.5.

The Vo and lsc measurements must have an
accuracy of 0.2 % and make in 4 wires.

For the experimental setup, the current-voltage
characteristics of the PV module were measured via
a variable load (resistance), from zero (short circuit)
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to infinity (open circuit). It is possible to vary in the
decreasing direction, from Vo to I, or in the
increasing direction, from lsc to V.

Simultaneously, the overall horizontal irradiance
was measured by a luxmeter (PM6612L model), and
a thermometer-hygrometer reads the values of the
temperature and relative humidity.

A database has been implemented, and a
SigmaPlot® program allows easy access to the data
and the associated mathematical processing.

Nomenclature

I the output current of PV cell

V  the output voltage of PV cell

lon  the photocurrent

lo  the reverse saturation current of diode

Vg4 the diode voltage

la  the diode current

lo  the reverse saturation current of diode

a  the diode ideality factor

k  the Boltzmann constant

T  the p-njunction temperature

g the electron charge

Ki short-circuit current/temperature coefficient
Ky open-circuit voltage/temperature coefficient
G  actual sun irradiation

Gstc nominal sun irradiation (690 W/m?)

Ipn.sTc Nominal photocurrent (25°C and 690W/m?)
Ns the number of cells connected in series

Vo Open circuit voltage

Isc  short circuit current

FF fill factor

2. PV Cell Model
The equivalent circuit of a photovoltaic cell
consists of a current source and a diode connected in
parallel, as shown in Fig. (1). This model also
includes a series resistance and a shunt resistance
[10]. The equation that describes this model is given
below
aVg

1= Iy = Io(expEH — 1) €

series resistance Current
—

NN N

Rs

shunt
I CT) ! resistance Voltage
RSH

Fig. (1) The equivalent circuit of a solar cell

The single diode model includes the series
resistance Rs and shunt resistance Ry (or Rsh), where
the output current can be written as (% 1%.12),

V+IR V+IR
I =Ly, + Iy (exp( aVTS) -1)- R—hs

@)
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The photocurrent, which is the current produced
by the photovoltaic cell when it absorbs sunlight, is
determined by the solar insolation and the cell’s
working temperature. The expression for the

photocurrent is given by [11,12]:
G

Ly = (Ipnsre + Ki.AT). - ®)
and the reverse saturation current

_ Iph,STC+KI-AT
IO - exp(VOC'STC+KV)—1 (4)

aVr
The Fill Factor (FF) is a crucial parameter of a
solar cell that determines the maximum power
output. It is defined as the ratio of the maximum
power point to the product of Vo and ls.. PV panels
usually have an FF ranging from 0.4 to 0.8, while the
FF of ideal PV panels is 1.0. The FF is a measure of
the “squareness” of the I-V characteristic of the solar
cell [2]
FF = fmax (5)

VUCISC

3. PV Cell Performance with different
parameters

3.1. Details of data including Relative Humidity
(HR), temperature and insolation for Libreville,
Gabon

Relative humidity

Libreville latitude 0.393 longitudes 9.454. Table
(1) contains all months corresponding to their
average relative humidity [13].

There are two scenarios to consider when
analyzing the effect of moisture. One is how water
vapor particles affect the irradiation level of sunlight
and the other is how humidity enters the solar cells’
enclosure [5].

Figure (2) shows that irradiance decrease with
increasing RH.

1000

200

00

700

§00

[rradiance W/m?

a0 20 40 50 a0 100
RH%
Fig. (2) Irradiance level with respect to relative humidity [5]

Moisture ingress through adsorption, primarily
driven by humidity, exerts a significant influence on
the performance of solar cells. In the second
approach, we examine how humidity affects the
efficiency of solar cells, particularly through the
moisture ingress via the adsorption process [6].
Prolonged exposure to humidity has been observed to
lead to a deterioration in solar cell performance. For
instance, the presence of high levels of water vapor
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in the surrounding air can result in encapsulant
delamination. The extended exposure of photovoltaic
cells to humidity is associated with several
performance degradations. Notably, the abundance
of water vapor in the air has been linked to
encapsulant delamination [7], subsequently causing a
reduction in parallel resistance [14], as illustrated in
the accompanying graph [15]. The systematic decline
in sheet resistance can be observed across various
samples as relative humidity increases, as depicted in

Fig. (3).
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Fig. (3) Sheet resistance of various soils as on glass and an

unsoiled control as a function of relative humidity at 60°C [16]

Temperature

Table (2) contains all months corresponding each
to their average temperature [13].

Irradiance

Table (3) contains all month corresponding
respectively to their average insolation [13].

3.2. Resistances

Series resistance (Rs)

Series resistance is due to the contribution of base
resistors and the front of the junction and the front
and rear contacts. The series resistance effect is very
small (a few mQ).

Shunt resistance (Rsh)

The parallel (shunt) resistance plays a critical role
in addressing issues such as current leakage along the
edges of the solar cell. This resistance is diminished
when metal impurities infiltrate the junction,
particularly if this infiltration extends deep into the
cell structure. The impact of parallel resistance is
primarily associated with the manufacturing process
and is most pronounced when dealing with extremely
low current values, typically in close proximity to the
short-circuit current [16].

Figure (4) shows the method of measuring shunt
resistance.

3.3. Studied PV module

Studied model characteristics are given in table
(4).

Below (Fig. 5), the experimental bench was used
to measure the electrical parameters of the studied
solar panel.
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Fig. (4) Resistance measurement [15]

Table (4) Schneider AEH-LP01-SBG-5W typical electrical
characteristic

Output Size Welght Prmax Vmp |mp Voc lse

(W) | (mm) | (Kgm) | (W) | (V) | (A) | (V) | (A)
306 x
5 218 x 1.0 5 168 | 0.3 | 21 | 0.39
25

Solar panel —_

Variable resistor

Ammeter _
Voltmeter
Luxmeter PM6612L

Thermometer + hygrometer
Fig. (5) Experimental bench

4. Results and discussion of Matlab™ model of
the PV Module

4.1 Constant temperature (25°C) with different
irradiation

In all three models, the temperature is maintained
at a constant 25 °C, while the irradiation levels are
varied (100 W/m?, 360 W/m?, and 690 W/m?). Figure
(6) displays the results obtained using the Matlab™
program under these conditions, showcasing the I-V
and P-V characteristics, respectively. The current
generated by incident light is inherently linked to the
irradiation level, with higher irradiation leading to
greater current production. Conversely, the voltage
experiences a decrease of 3 V as solar radiation
increases from 100 to 690 W/m? The impact of
irradiation on the maximum power point is evident,
with higher irradiation resulting in a higher maximum
power point, reaching 6.74 W.

As depicted in Fig. (6), it is evident that the
electrical parameters of the solar cells, including Is
(short-circuit current), Vo (open-circuit voltage),
Pmax (maximum power), and FF (fill factor), are
influenced by the level of illumination.

As illustrated in Fig. (7), the current produced by
the photovoltaic (PV) cell is significantly influenced
by solar radiation. The Schottky equation highlights
the dependency of both Is (short-circuit current) and
Vo (Open-circuit voltage) on the intensity of light.
The short-circuit current experiences a linear increase
with rising light intensity, attributed to the enhanced
photon-to-current conversion rate. In accordance
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with the energy state distribution within the
semiconductor, the open-circuit voltage also shows a
proportional increase. Similarly, the maximum
current, Pmax, exhibits a linear rise, as depicted in
Fig. (7a). The maximum power point, Pmax, also
follows a linear increase in response to light intensity,
as shown in Fig. (7a).

0.5
— 690 W m2
"ﬁ—t—ﬂ\ 360 W m2
0,4 4 —— 100 W m2
= 03
o 031
b
S 0.2
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“Woltage, WV
@
8
— 500 W/m2
— 360 W/m2
. —— 100 W/m2
=
g 4
[
z -
0 T
0 5 10 15 20 25
Volage, W
(b)

Fig. (6) (a) 1-V characteristics of the panel, at 25° C for
different irradiance levels, and (b) P-V characteristics of the
panel, at 25° C for different irradiance levels
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(b)
Fig. (7) (@) Dependency of the solar cell I on illumination
levels, at 25 °C, and (b) Dependency of the solar cell V. on
illumination levels, at 25 °C

Nonetheless, the inherent internal resistance of
the cell and the shunt resistance within the circuit
serve as constraining factors, preventing the fill
factor (FF) of the PV cell from reaching its ideal
value of 1, as depicted in Fig. (7b).

4.2. Constant irradiation  with  different
temperature

Figure (8) illustrates the impact of temperature on
the 1-V characteristics of the solar cell as temperature
varies. An increase in temperature results in a
corresponding rise in the short-circuit current (Is)
while concurrently causing a notable decrease in the
open-circuit voltage (Voc). The curves demonstrate Isc
changes from 0.45 to 0.475A as the temperature
shifts from 25 to 45°C. This temperature elevation
leads to a decrease in voltage (Voc), from 20.4 to 17
V, along with a slight increase in current (ls),
followed by a relative decrease in maximum power

(Pmax)-

0.5
—— — 25°C
35 *C
0,4 \\ a5 G
-
s 0,3
=
b
5 0.2
O
0.1
0,0
0 5 10 15 20 25
“oltage, WV
@
2
— 25 °C
—— 3s5°C
6 — 45°C
g_
I
(=]
o
2 .
o . v v .
0 5 10 15 20 25
Voltage, WV
(b)

Fig. (8) (a) I-V characteristics for different temperatures but
same light intensity 690 W/m?, and (b) P-V characteristics for
different temperatures but same light intensity 690 W/m?

The key cell parameters are graphed as functions
of temperature in Fig. (9), under constant light
intensity conditions. A temperature-dependent
relationship becomes evident. In this figure, the open-
circuit voltage is depicted as a function of
temperature with constant light intensity (690 W/m?).
The exponential dependence of the saturation current
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on temperature leads to a rapid decline in the open-
circuit voltage as temperature rises. The same figures
also show that power output decreases with
increasing temperature, and the fill factor (FF)
exhibits a similar trend. At room temperature, FF is
0.74, but this value decreases to 0.705 at 45°C.

0,420 7.0
0,475 | &5
0.470 an
<L E_
G 0,45 55 &
o E
0,480 | 50 &
0,455 - —— Temperstrevs oo F 4.5
—d— TiEmperaiune va Pmax
0,450 T T . . 40
bt = - L 35 40 45 50
Temperature, *C
@
0.5 0.75
0.0 —ii— Temperature vs Voo
' —w— Temperawrevs FF [ | 074
19,5 '
- 180 L oT2
g 185 =
* iB0 0
17.5
F 0,71
17.0
18,5 0.70

20 28 30 35 20 45 50
Temperature, °C

(b)
Fig. (9) (a) Calculated I and Pma as functions of temperature,
light intensity = 690 W/m?, and (b) Calculated V, and FF as
functions of temperature, light intensity = 690 W/m?

4.3. Variation of shunt resistance

Figure (10) below depicts the impact of shunt
resistance (Rsn) on the I-V characteristics of a solar
cell under identical illumination conditions. The
presence of shunt resistance influences these
characteristics, leading to a slight reduction in the
open-circuit voltage and an increase in the slope of
the I-V curve within the region corresponding to the
cell's operation as a current source (low voltage).

0.5
— 1000
500 @
0.4 m\ — 100 o
=T
+ 0.3 -
g
& 02
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Fig. (10) (a) I-V characteristics, and (b) P-V characteristics for
different shunt resistance values

The electrical parameters of the cell as functions
of shunt resistance are presented in Fig. (11). In this
scenario, the temperature remained constant at 25°C,
while the light intensity remained at 690 W/m?2.
Decreasing the shunt resistance has an overall effect
on reducing the voltage value.

0.5 t]
a.4 &
< 03 =
o 4 =
Loz E
0.1 —w— Rshvs ke =

—h— REFvE Pma
0,0 & a

a 200 400 800 200 1000 1200
Shunt Resistance, Ohm

@)
25 0.8
20 0e
= 18
3’ 0,4 =
= 10
E 0.2
= —— Rshvsvaoc
—i— Rshvs FF
a 0.0

a 200 400 800 200 1000 1200
Shunt Resistance, Ohm
(b)
Fig. (11) (a) Calculated I and Pmax as functions of resistance
(Rsh), and (b) Calculated V. and FF as functions of resistance
(R«n), light intensity is 690 W/m? at ambient temperature of
25°C

Both the fill factor (FF) and the maximum power
decrease as Rsn decreases, as illustrated in Fig. (11).
Notably, when Rs, decreases significantly, Vo also
experiences a significant decrease. These figures
further reveal that for relatively small values of Rgp,
the light-generated current takes an alternative path,
resulting in power loss. When Rg, is large but still
smaller than 5 Q, Is, Voc, Pmax, and FF remain
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relatively constant. These findings align with those
reported in existing literature [17,18].

4.4. Comparison between Mathematical Model
and Experimental Data

Figure (12) presents data obtained in ambient
conditions, ranging from 425 W/m? and 42°C to 425
W/m? and 34°C. Subsequently, a comparison is made
with the simulation results derived from the equations
described earlier. In the experiment conducted at
34°C, a maximum power of 7.12 W was achieved, in
contrast to the 5 W obtained in the simulation. The
short-circuit current reached 0.56 A, as opposed to
the simulated 0.39 A, and the open-circuit voltage
was 19.8 V instead of the simulated 21.6 V. In the
experiment at 42°C, the values of short-circuit
current, power, and open-circuit voltage were lower,
at 0.47 A, 6.5 W, and 19.15 V, respectively. These
findings align with results documented in the existing
literature [19-22].

0.7
0,6 p ™
= 0.5 d0 oo oo o [Elw]
£ 044
@
S 03 - .
8 ’ 2 j;,g Experimental Data
0.2 4 —— 34
42 Simulation
0,1
0,0 : . ,
0 5 10 15 20
Voltage, V
@
10

o 34°C B
s | o 420 Experimental Data

M c )
42e°c Simulation 3

Power, W

0 5 10 15 20
Voltage, V

(b)
Fig. (12) 1-V characteristics (a) and P-V characteristics (b) for
experimental results and mathematical treatment

These results serve to validate the appropriateness
of the laws proposed in our single-diode model for
accounting for losses. Discrepancies between
experimental values and the model may arise from
unaccounted parameters such as relative humidity
and variations in the solar spectrum during the
simulation.

The outcomes of this study underscore the
challenge of establishing "external STC (Standard
Test Conditions)" that would facilitate fair
comparisons of different photovoltaic modules.
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Consequently, it becomes imperative to identify
criteria for evaluating PV performance under real-
world conditions, such as the performance ratio (PR),
defined as the ratio between the actual yield in
operational scenarios and the yield under STC.

4.5. Variation of Relative Humidity (RH)

Given the unavailability of a humidity-linked
numerical model, we conducted an experimental
investigation into the impact of humidity on the
panel's performance.

Figure (13) illustrates the variations in I (short-
circuit current) and Vo (open-circuit voltage) relative
to relative humidity (RH). The measurements were
taken under irradiance ranging from 583 to 690 W/m?
and temperatures between 25 and 30°C. Notably,
both I and Vo exhibit a decrease as RH levels
increase. This decline can be attributed to the fact that
high relative humidity can contribute to solar
irradiance in three distinct ways: diffraction,
reflection, and absorption. Consequently, these
results underscore the detrimental effect of relative
humidity on the performance of the photovoltaic
panel. It is important to acknowledge that irradiance
and temperature also play a role, although in our test
conditions, their variations were minimal, and their
changes were not necessarily linked to changes in
relative humidity.

These findings align with the results obtained by
Panjwani in 2014 [23], Kazem in 2015 [24], and
Bonkaney in 2017 [25].

0,7 20,4
O ® HR(%) vs Isc(A)
6] @ 20,2
' ° O HR(%) vs Vco(V) '
05 | & L 20,0
®

i L >
<E 0,4 o 0 19,8 5
9 )
%2 03 O 196 S

0.2 1 o L 104

01 1 ) ® 192

0, O
0,0 RH(A)> ; ; 19,0

10 20 30 40 50 60 70 80

Fig. (13) Dependency of solar panel parameters (Iscand Vo) on
relative humidity (RH), plotted at light intensity between 583
and 690 W/m? and ambient temperature from 25 to 30°C

5. Conclusion

We have developed an accurate electrical model
for a PV module based on a simple one-diode
mathematical framework, and this model has been
demonstrated using Matlab™ for a representative 5
W solar panel. The proposed model was employed to
assess the impact of sunlight irradiance across
various equatorial situations in Africa, utilizing input
and output parameters related to I-V and P-V
characteristics, cell temperature, and shunt
resistance. The Matlab results exhibit a remarkable
alignment with the manufacturer's published data.
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Given the prevailing conditions in the region,
characterized by relatively low irradiance levels (less
than 700 W/m?), high relative humidity, and an
average temperature of up to 25°C, optimizing the
efficiency of this photovoltaic module necessitates
the maintenance of a high shunt resistance, ideally up
to 1000 Q. These initial findings on relative humidity
are promising, suggesting the potential for future
research to conduct a statistical study on the influence
of this parameter on a panel's electrical performance.
This could lead to the development of mathematical
models that specifically account for moisture-related
effects.
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Table (1) Monthly Averaged relative humidity (%) [13]

Lat0.393 Lon9.454 | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Annual Average

22-year Average 849 | 84 | 833 | 842|849 | 842 | 80 | 745 | 79 | 823 | 853 | 858 81.9

Table (2) Monthly Averaged Air Temperature at 10 m above the Surface of the Earth (°C) [13]

II:::] (:)::95:; Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Annual Average
22-year Average | 249 | 253 | 256 | 25.6 | 253 | 242 | 208 | 24 | 243 | 246 | 247 | 248 247

Minimum 233 | 235 | 238 | 24 | 237 | 224 | 216 | 22 | 227 | 231 | 233 | 233 23

Maximum 267 | 273 | 277 | 274 | 271 | 261 | 26 | 261 | 261 | 26.2 | 26.3 | 265 26.6

Table (3) Monthly Averaged Insolation Incident on a Horizontal Surface at Indicated GMT Times (KW/m?)

Lat 0.393

Lon 9.454 Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Average@06h | 0.06 | 0.05 | 0.06 | 0.07 | 0.07 | 0.07 | 0.06 | 0.06 | 0.07 | 0.08 | 0.08 | 0.07

Average@0% | 0.46 | 048 | 049 | 046 | 044 | 044 | 043 | 047 | 0.49 | 044 | 041 | 045

Average@12h | 069 | 069 | 069 | 0.65 | 061 | 0.60 | 0.61 | 0.61 | 0.59 | 0.52 | 0.56 | 0.65

Average@15h | 0.40 | 044 | 042 | 039 | 036 | 0.32 | 0.33 | 0.32 | 0.33 | 0.34 | 0.33 | 0.35

Average@18h | 0.01 | 0.02 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 { 0.01 | 0.00 | 0.00 | 0.01
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