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Abstract: This present study is an evaluation of the degradation of the electric characteristics of the photovoltaic modules of
a solar power plant settled in the CERER after 3.3 years of operation. The Center of Studies and Researches on Renewable
energy is an institute of Cheikh Anta Diop University of Dakar. It is situated in the district of Hann Bel Air. Since a few years;
the CERER contributed a lot research of solutions to the problems of development bound to the energy and to the environment
it is all the interest of this evaluation which aims at the improvement and at the planning of the photovoltaic systems. It is what
explains the study of this evaluation which was proposed. Moreover the evaluation of the degradation of the solar power plant
is centered on the global system, constituted by 18 polycristallins, all identical modules of type STP175P-1, connected in
series. So we calculated the rates of degradation of the electric characteristics of modules after a few years of operation such as
the characteristics I-V and P-V, the maximal power (Pmax), the maximal tension (Vmax), the maximal current (Imax), the
tension in opened circuit (Voc), the current of short circuit (Icc) and the fill factor (FF) in the standard conditions of test (STC).
The study of this global system allowed to take up respectively the rates of annual degradation of 2.01% / year, 1.69% / year,
0.34% / year, 1.1% / year and 0.9% / year for the power, the maximal tension, the maximal current, the current of short circuit,
the tension in open circuit and the factor (mailman) of shape. We observed that the most degraded performances are: the
maximal power, the maximal current, the current of short circuit and the fill factor; while the tension with open circuit shows
no significant degradation during these 3.3 years of operation.
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1. Introduction

Photovoltaic solar energy is a form of renewable energy; it
can generate electricity by converting the solar radiation and
by using the photovoltaic effect [1].

The installation of photovoltaic systems is mainly dictated
for optical performance by its geographical context as the
location and conception of the sun exposure [2]. The
performance and efficiency of photovoltaic modules are
affected by several factors such as solar irradiation, ambient
temperature, humidity, wind, shading and dust accumulation
[3, 4]; these factors can accelerate the degradation. Many

studies have been focusing on the material and technological
aspect of PV cells [5].

Module degradation and module failure are often present
in PV system but not immediately recognized. The design
system can frequently mask the effects of modules
performance degradation and/or individual modules failure
[6]. Technically, degradation mechanisms are important to
understand because they may eventually lead to the failure of
parameters. Typically, about 20% of decline is considered as
failure, but there is no consensus on the definition of failure;
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because a high-efficiency module degraded at 50%, may still
has a higher efficiency than a non-degraded module from a
less efficient technology [7].

Knowing that testing modules in laboratory are important,
but it is also as important as conducting field-testing of PV
systems to determine performance and degradation under
actual operating conditions [8]. The main modes of PV
modules degradation are identified in the literature, and the
rate of degradation differs from one another according to the
manufacturer, to technology, to the age, to the temperature, to
the moisture, to the UV radiation and the place where the
modules are installed [9].

This article presents the degradation evaluation of
parameters performance such as characteristics I-V and P-V
curves, maximum power (P..), open circuit voltage (V,.),
short circuit current (1), fill factor (FF) of a solar power
plant installed of Center for Studies and Research on
Renewable Energy (CERER) after several years of operation.

2. Methodology
2.1. Modeling of Photovoltaic Cell

A solar cell is traditionally represented by an equivalent
circuit made of a power source, a diode, a resistance
shunt/parallel (Rp) and a resistance series. As shown in figure
1, the electrical current available in the pile is modeled in this
equivalent circuit well-known. The photovoltaic generator is
neither a constant voltage source nor a source of current. It is
modeled and described by the relationship between the
current and the tension.

Figure 1. Equivalent circuit model of a PV cell.

Based on the equation of diode of Shockley, the
mathematical model (characteristic I-V) for an individual cell
statement is given as follows [10, 11, 12, 13].

V+RslI V+I.Rs

Rp

[=In—I¢- L, =In—1, (e -1)- (1)
Where
I,h is the photocurrent (A); o is the current of saturation of

the diode (A); Rs is a series resistance (Q2); Rp is resistance

shunt/parallel (Q); V, :% is the thermal tension; n is the

fac‘tor of ideality of the diode; q is the electron charge. (1,
60E-19 Coulomb); K is the Boltzmann constant (1,381E-
23J/K);

T is the temperature of the solar cell (K).

2.2. Presentation of the Experimental Platform

2.2.1. On-site Measure

The experimental platform is installed in CERER (Center
for Studies and Research on Renewable Energy). CERER is
an University Institute located in the arrondissement of Hann
Bel Air, on the edge of the ocean, in the Dakar region of
Senegal. Senegal is located in the tropics, between 12° and
16°8 41 north latitude and 11°21 and 17°32 west longitudes.
Senegal has a warm and sunshine season. Senegal has one of
the solar potential resources, averaging 5,5KWh / m2 / day
[14]. Senegal has a tropical climate with two seasons which
difference is based on the rain. A dry season from November
to May with temperatures are between 22°C and 30°C,
sometimes swept between December and February with a
rather chilly wind. Then from June to October a rainy season
prevails, the longest season in the south than in the north.
Variations in relative humidity depend partly on the air
temperature and humidity characteristics of air masses. The
annual change on the relative humidity of the air is also
tempered by the maritime influence and the annual average,
is around 70%. The highest values coincide with the rainy
season and the lowest in April-May, and October to
December-January.

2.2.2. Data System

The electronic load ESL-Solar 500 was especially
developed to test crystalline and thin-film modules or module
strings up to SkW. All essential load tests of solar modules
can be realized with the ESL-Solar 5000. The load can be
operated via ESolar Software on the integrated Notebook.

Figure 2. Data Acquisition.

The datas acquired by the MPP Track or scan, can be read
through a data acquisition card inserted on the interface.
Voltage, current and power are visualized on the screen of the
notebook. In order to gain an exact power curve, voltage and
current are measured simultaneously. The ESL-Solar 5000 is
useful for the installation of a solar plant, the maintenance
service and measurement and checks of single solar modules.
The ESL-Solar 5000 is mounted in a portable suitcase. Also
all necessary accessories as cables and the sensor are placed
inside the suitcase.

Technical specifications used for outdoor characterization
are given in the following table 1.
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Table 1. Technical specifications of acquisition system.

Reference Maximum Rating Values
Measurement Light Intensity 0 to1200W/m?
Measurement temperature -20°C to+80°C
ESL-Solar 5000 Power (max3s) 5000 W
Input voltage 0 to 800 V DC
Current 0to20 A DC

With the ESolar software vi-curves (voltage-current-

curves) can be scanned [15]. The datas of the parameters
modules will be used for calculation of the STC (standards
test conditions) estimated values. For obtain their datas, you
do enter the specifications data from the technical
documentation of the module. You can also enter the datas
from a reference module, which was tested with a flash tester
under standard test conditions.

ra [ w]ﬂlsaaasmm ETY

[T fwon  ofF s |

Padel [T seil [ [HichPowe  ConTex | (S0 M

- Scan Sclara S830TI-M-Sting 750v/qrr-200802:13-12:3250

B temeero][

. Tock | 1| (5730 652

[o00 [Scantime [5) ﬁl [rom

_sw | e |

stoow

Module properties

Mode

| Solara S830TI-M

uwl

Uoe M)

lsc 4]

|Ppeak [Wp]

| Efficiency [%]

Avea ]

| TeoU [%°C)

| Teol [%7°C)

[TeoP [%/'C)

| Track time 5]

| Save interval [5)

End I

Figure 3. Configuration window electrical parameters of the tested modules.



4 Hawa Diatara Ndiath et al.: Degradation Assessment of a Photovoltaic Plant After Several Years of Operation

2.2.3. Presentation of Solar Plan

The modules formed together a generator of a nominal output
of 3, 15 kWc of a system connected with the network. The
power station is installed since 2012 in CERER. Geographical
datas of the site of CERER have been given in section 2.2.1.

The field of the system is presented in Figure 3. It is
composed of eighteen modules connected in series-. Its
configuration is made as the shape of a parking cars which is a
space arranged especially for the parking of the cars (Figure 2).

This installation doesn’t only make possible the injection
on the network the produced energy, but also it is able to
function autonomously when the network is broken down
(back-up system).

Figure 4. Power station.

The performances of the modules are given in the table 2.
Oriented to the southern full position, the modules are tilted
horizontal plane according to the latitude of the place. They
all are identical characteristics of type Stpl75p-1 which the
basic semi material conducting is the polycrystalline.

Table 2. Parameters of modules given by the manufacturers.

Technology Manufacturer Reference Parameters Values
Maximum output power (Ppax) 175Wce
L Maximum output intensity (Inax) 7,55 Ampéres
Is’;)llizzﬂstallme ITER ST175 Maximum output voltage (Vmax) 23,1Volts
Short circuit current (L) 8,19 Ampéres
Open circuit Voltage (Veo) 29,5 Volts

2.3. Diagramme of Methodology

Research has shown that degradation of photovoltaic
modules has become a recurrent phenomenon. Manufacturers
of modules focus on developing mainly new technologies

without worrying about the state of operation of the devices
realized in the field. Our study is described according to the
given scheme.

Qning the surface of the modules connected to the ceD

T
Disconnect the inverter and connect the PV generator to the Data system

Measurement of performance of PV modules >

@1 characteristics to Standards Test conditions (STC)

7

Use the datas by calculating the degradation rates and characteristics I-
V and P-V curves

T

<

>

Figure 5. Methodology diagram.
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The modules are tested at ambient conditions corresponding
to an ambient temperature being at 19.9°C, to relative
humidity of 80.8% and with a light intensity 817 W/m’.

This system doesn’t only allow of acquiring the
measurements in real time by displaying them on the
computer screen but also it saves them to provide a database
for further processing.

3. Results and Discussions
3.1. Analysis and Evaluation of Degradation

3.1.1. Analysis of Degradation

The work of identifying the degradation mechanisms in the
system and of establishing their degradation rate has become
increasingly important. An handful number of researches
have worked on different methods of measurement used in
order to identify failure characteristics [3, 16, 17, 18, 19, 20,
213.1.2. Calculation of Degradation

To evaluate the degradation of individual module or of an
entire system after several years of exposition, it is
imperative to determine the degradation rate (Rp) and the
annual degradation rate (Rp,) of each parameter [22, 23, 24].
Expression of the degradation rate is analytically given by

the following equations:

Z0

-Z
Z0

Rp (2) (%) = (

) X100 (2)

Where

Z, 1s defined as the initial state and Z the state at time T of
modules parameters as maximum output current (I,
Maximum output voltage (Vix), maximum power (P,
open circuit voltage (V,.), short circuit current (I;.) and fill
factor under Standard Test Condition in the initial state and
after four years of operation respectively.

Thus knowing the number of years of operation (At), we
can deduce the annual degradation rate which is given by the
equation (3).

RD(Z)(%)
—ar 3)

3.2. Degradation of I-V and P-V Curves

Rpa(Z) (%) =

In this work the evaluation of photovoltaic module
performance is based on the measurement of performance
parameters such as maximum power, maximum current,
maximum voltage, short circuit current, open circuit voltage, fill
factor, and experimental I-V and P-V characteristics curves.
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Figure 6. Characteristics I-V and P-V in real conditions.

Thus, the measurements of I-V characteristics must be
corrected to Standards Test Conditions by using the
following equations (4) and (5) [25, 26].

Gst
Isre= I % (%)“‘ o (Iste — L)

4)
VSTC: me Rs (ISch Im) - I<-ISTC (TSTC - Tm) + ﬁ (TSTC - Tm) (5)

Where Isrc, Vsre, Gstes Ims Vi, Gmrepresent the values of
current (A), voltage (V) and irradiance (W/m?) respectively
in the Standards Test Conditions (STC) and those measured

in real conditions operational;

o and P represent the current and voltage temperature
coefficients;

Rg is the series resistance;

K is a curve correction factor.

Measures in the STC are given to a light intensity of
1000W/m” and a temperature of 20°C.

by using the translational equations (Eq. (4)) and (Eq. (5))
we will obtain the characteristic degradation I-V and P-V
curves at Standards Test Condition Figure 7.
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Figure 7. Characteristics I-V and P-V at Standard Test Conditions.
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In general, the characteristics of the modules are given in
the conditions of actual operation that are different from
those given by the manufacturers in the standards test
condition as shown in Figure 6 and 7.

In terms of actual operation, the maximum power of the
system was worth 2650.124 W in the initial state. This value
fell during the 3.3 years of operation till 2304.909 W.

Looking at these graphs, we can see a large difference
between the carried out experimental feature and the obtained
translated characteristics. What may be considered as logical
because many factors affect the characterization of modules
performed under two different conditions. This gap can be
from the modules temperature change, the sunlight and
among others. In both cases, there is a decrease parameter

system over time being, in actual operation or standard test
conditions. But for better visibility degradation, we will be
interested in the parameters transmitted in the STC (table 3)

3.3. Degradation of Performance Parameters

The electrical parameters of modules after several years of
operation are presented in the table 3. It shows the decrease
of parameters under Standards Test Condition (STC).
Parameters degradation were determined by using the
equation from (Eq. (2)) for the global degradation and from
(Eq. (3)) for the degradation rate for each parameter such as
Paxs Vimaxs Imaxs Voo lsc and FF. These results are extracted
from the study of an entire system.

Table 3. Variation parameters of modules after several years’ operation.

Parameters Initials values Actual values Rp (%) Rpa (%)/year
Prnax (W) 3356,34 3133.57 6.65 2.01
Vinax (V) 415.81 392.61 5.57 1.69
Lnax (A) 8,07 7.98 1.13 0.34
Vo (V) 534.49 534.05 0.08 0.02
I (A) 9.04 8.72 3.63 1.10
FF (%) 69.40 67.28 3.05 0.92

After a period of 3.3 years of operation, the characteristics
of the module have undergone a remarkable decrease of
theirs parameters. Their annual degradation rates are
estimated at 2.01%/ per year, 1.69% per year, 0.34% per
year, 1.10% per year and 0.92% per year respectively for
maximum power (P .y,), maximum voltage (V ,,), maximum
current (I,.x), short circuit current (I;.) and fill factor (FF)
(table 3). When we talk about degradation of interest point is
the maximum power point.

Thus, the degradation rate of the maximum power of this
global system is important equivalent to 2.015% per year.
This value is in accordance with the study conducted by
Ababacar and al. [26] and which results are estimated at
1.62%/year and 2.96%/year. The studies are individually
based on two polycrystalline modules corresponding
respectively on the exposure period of 3.4 and 4 years.

Quintana and al [27] studied the increased degradation rate for
a global system in relation with the degradation of each PV
module Natural Bridges National Park PV System in Utah, USA.
From this result, they found that the rate degradation of each
module was 0.5% per year; while the system of degradation rate
was equivalent to 2.5% per year. Thus the degradation rate of
global system is higher than the individual one.

In addition, Berman and Faiman [28] found a rate
degradation to 1.3% after 3.4 years of operation of
polycrystalline PV modules in Arizona.

Degradation varies according to season, time and depends
on environmental parameters. Osterwald and al [29] just
confirm that hypothesis: from this study in two
monocrystalline and two multicrystalline modules, they
found that the rapid initial degradation was attributed to
oxygen contamination in the bulk of the Si junction, whereas
the slow long-term degradation was correlated linearly with

ultraviolet exposure.

Despite the progress achieved in the last decade, several
interesting questions, such as the linearity and the precise
impact of climate have not been satisfactorily answered that
what concluded Jordan and al [30].

4. Conclusion

The study is an evaluation of the degradation of a global
system after few years of operation. The experimental study was
conducted in the Center of Studies and Research on Renewable
Energies, on the solar PV plant. The central PV made of 18
modules connected in series. The annual degradation rate of the
total electrical parameters system, estimated at 2.01% / year,
1.10% / year and 0.92% / year and respectively for the
maximum power (Pmax), the short- Circuit (ISC) and the form
factor (FF), is important however the open circuit voltage
(VOC) noted 0.02% / year showing no significant variation. So
this study is based on the analysis of the overall system
consisting of the serial connection of the 18 modules. The actual
results allow us to conclude that variations in the performance
characteristics of the PV system deteriorate over time.
Therefore, our PV modules do not maintain their initial
performance and several factors such as exposure to radiation,
moisture, dust accumulation etc. may be the causes of the fall in
performance of this system. Otherwise, this study opens up
perspectives on the real causes of such degradation.
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