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Abstract
The focus of this study is on the assessment of the performance of 14 polycrystalline silicon PV modules installed
in Kumasi, Ghana after 22 years of field exposure. Visual inspection was carried out to ascertain any observ-
able defects. Current-Voltage performance data was taken using a non-invasive characterization technique able to
predict performance at standard test conditions (using TRI-KA and TRI-SEN) followed by Infrared (IR) Imaging
tests. The results of the I-V tests showed average Pmax degradation rate of 1.38%/yr for all 14 modules. This is
higher than the acceptable limit of (0.7–1.0%/year). In terms of the individual modules, M1 recorded the worst
Pmax rate of degradation of 1.74%/yr, and the lowest values for efficiency and fill factor. This is consistent with
the IR images and temperature difference that were recorded in the IR tests. A higher temperature difference of
25℃ was recorded indicating the presence of a hot spot and a defective cell which was confirmed by the hue white
colour observed in the IR test. Power Performance Factor (PPF) range of 61.8–76.5% was recorded which is below
the limit of 80% often quoted in warranty statements. The drops in PPF indicate that the modules have degraded.
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1. INTRODUCTION

There has been influx of various types of pho-
tovoltaic modules from different countries in Eu-
rope, Asia and USA into Africa especially, Ghana
due to the recent interest in the use of photovoltaic
systems. Testing the performance of those mod-
ules have thus become imperative. Some coun-
tries have mastered the art of producing high-
quality solar cells, as a result of technological ad-
vances, while others have not. Consequently, due
to the inefficiency of manufacturing processes and
the assembly of solar cells into modules, the theo-
retical performance parameters claimed by some
manufacturers might not necessarily be the prac-
tical parameters. The solar PV market has expe-
rienced exponential growth over the last decade
and global adoption has led to a number of studies
on the design and performance of PV systems [1].
However, the efficiency of PV modules over time
is becoming a major concern for stakeholders on
the renewable energy market. Of great concern is
the PV module degradation rate. The higher the
degradation rate, the less the power production
and the lower the future cash flows.
Important measures are being taken to track

the output and handling of PV to reduce setbacks.
Latest PV work focuses on achieving high utiliza-
tion and optimal efficiency of photovoltaic systems
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[2]. PV modules are characterized by indoor stan-
dard test conditions (STCs) using an irradiance
of 1000 W/m2 from a simulation lamp and a tem-
perature of 25℃ at 1.5 absolute air mass (A.M)
[3]. However, the outdoor output conditions do
not automatically comply with the indoor STC. As
a result, factory rated values are found to vary
during their realistic usage due to changes in the
sun’s position, amount of solar radiation, cloud
cover, module temperature and geographical loca-
tion [4].

Most photovoltaic sizing and installations in
different regions are carried out on the basis of
the Standard Test Conditions, which are very dif-
ferent from the regional ambient conditions. A
PV system’s reliability and lifetime depends pri-
marily on the energy performance of modules and
their various modes of degradation. Research
must therefore focus on the degradation of the PV
modules. A review of different types of degrada-
tion have been presented in [5]. Corrosion and dis-
coloration of PV modules encapsulant were pre-
dominant degradation modes that were identi-
fied. Temperature and humidity were also iden-
tified as the key factors that contributed to the
degradation modes. Solar photovoltaic modules
typically have a degradation rate between 0.7%–
1.0% [6]. Most manufacturers offer the 25-year
standard solar panel warranty with the meaning
that power output after 25 years should not be
less than 80% of the rated power. The best solar
PV panel conversion efficiency is about 15–19%.
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There is a lot of research designed to increase the
percentage of power generation using one and two
axes PV sun tracking technologies. In a study
in Teipei involving the use of a single axis track-
ing system, total power generation increased by
25.4% [7]. The highest output currently obtained
by solar PV panels is 26% [8].
A comparative study was carried out into the ef-

fect of a dual-axis solar tracking on power genera-
tion compared to a fixed panel in Turkey. The re-
sults showed a daily average gains of 29.3% in so-
lar radiation and 34.6% in power generation for a
particular day [9]. Experimental investigation on
the effect of using two-axis sun-tracking systems
under Jordanian climate was conducted [10]. It
was determined that there was an increase of
about 30–45% in the output power compared to
the fixed PV system, for particular days.
A number of publications are available in the

literature concerning solar PV applications in
SSA. A study in [11] addressed the barriers fac-
ing solar PV energy systems development in most
countries in Africa. The authors presented an-
other study on twenty-nine (29) crystalline sili-
con modules deployed in grid-connected, battery-
charging and water-pumping applications [12].
The modules, installed at six different locations
in Ghana were aged between 6 and 32 years.
Peak power (Pmax) losses ranged from 0.8%/year
6.5%/year were reported. The Pmax losses were
dominated by losses in fill factor (FF) and short-
circuit current (Isc). An experimental study was
conducted into the effect of soiling on PV module
performance using I-V and IR thermography tests
[13]. The results indicated a four-fold reduction
in power due to soiling effects. In a study by car-
ried out by [14], the optical transmission of glass
reduced by 26% due to dust accumulation. The
effect of temperature on PV module performance
in Ibadan, Nigeria was also investigated into [15].
The results showed that under water cooling con-
ditions, the temperature decreased significantly
leading to increase in Isc and maximum power.
The study did not carry out detailed investigation
into the cause of degradation. Most of the stud-
ies reported in the literature are not related to
PV module long term degradation and reliability
which is the focus of this work.
UV radiation is a significant cause of discol-

oration in materials leading to degradation. The
cumulative UV radiation dose may be defined as
the number of photons absorbed by the substance
resulting in chemical change and degradation.
The performance degradation of silicone encapsu-
lated PV modules that are used for concentrator
PV systems or space applications due to long term
exposure to ultraviolet (UV) was addressed [16].
Different transparent silicones models (DC93-500
and Elastosil S690 and S695) were subjected to
a time and wavelength UV test with a total ac-
cumulated dose of 10, 000 equivalent sun hours.
The results showed a correlation between the de-
crease in transmittance and the short circuit cur-
rent. The amount of power obtainable from a so-
lar cell is determined by the intensity of sunlight.

The higher the intensity of solar radiation, the
higher the power obtained. The type and area
of the material used to fabricate the solar cell
also determines the amount of power obtained.
Silicon solar cells can be fabricated from semi-
conductor materials in three ways: single crys-
tal silicon, polycrystalline silicon and amorphous
(non-crystalline) silicon. Amorphous silicon cells
are generally of lower efficiency compared to crys-
talline silicon cells. The larger the area of the
solar cell, the more the power obtainable from
the solar cell. The wavelength of sunlight is an-
other factor that affects the amount of power har-
nessed. The solar spectrum comprises three ma-
jor regions: ultraviolet region (λ < 0.4µm) consti-
tutes 9% of irradiance, visible region (0.4µm < λ <
0.7 µm) constitutes about 45% of irradiance, and
infrared red region (λ > 0.7 µm) constitutes 46%
irradiance [17]. Photodegradation caused by UV
radiation is the main cause of degradation due
to the exposure of materials to direct sunlight.
UV radiation is a major cause of discoloration in
materials leading to degradation. For PV mod-
ule, this degradation is reflected in the change in
the transmittance of the encapsulating module,
which induces a decrease in the current-voltage
characteristic of the PVmodule [16]. Recent stud-
ies including [18] have shown power degradation
ranges of 0–2.1%/yr fromdefects related to busbar,
0–2.1%/yr due to cell interconnection ribbon re-
lated problems and 1.0-2.3%/yr due to string inter-
connection related problems. Average degrada-
tion of 2.6%/yr was recorded for EVA discoloration
defects. In [19–21], the effect of discoloration was
found to result in a loss of transmittance of the en-
capsulant EVA, leading to a reduction in the pho-
tocurrent density of the cell/module and subse-
quently culminating in a reduction in absorption
of sunlight by the silicon cells and loss of power.

A lot of work has been carried out in the litera-
ture in the area of the performance of PVmodules.
There is however, limited data on the long-term
performance of PV modules in the sub-Saharan
Africa region and this study seeks to contribute to
bridging that gap. The performance of field-aged
crystalline Si based PV modules was measured in
north Italy [22]. In that study, high performance
losses (>20%) were attributed to losses of the fill
factor, caused by an increased series resistance.
Losses (<20%) which were considered as moder-
ate performance losses were attributed to losses
of the short-circuit current, caused by degrada-
tion of the optical properties. The long-term losses
were determined to be between 0.2% and 1.0% per
annum. This study seeks to determine the rate of
degradation caused particularly, by the PV mod-
ule temperature leading to hotspots, decrease in
fill factor (FF) resulting from increased series re-
sistance and decrease in efficiency. The study is
part of a wider programme of work on the perfor-
mance evaluation of modules installed in Ghana
in Sub-Saharan Africa.

Nigerian Journal of Technology (NIJOTECH) Vol. 40, No. 3, May 2021.



Performance Characterization of Polycrystalline Silicon Photovoltaic (PV) Modules ...463
Table 1: Materials and method used in the study.

Method Material Manufacturer (model) country
36 cells Polycrystalline PV module ASE GmbH Germany

Visual inspection – – –
IV Curve tracing Trika-Trisen TRIKA Netherlands
IR Thermal imaging Fluke Fluke (Ti400) Germany

1.1. Theory
A solar module’s output characteristics are cal-

culated by parameters such as Pmax, Voc, Isc, FF,
and efficiency of the cell that can be calculated by
the I-V characteristics. The light generated cur-
rent (I) is determined according to Eq. (1) [3].

I = Iph − Io

[
expqV lnkT −1

]
− V − IRs

Rsh
(1)

Voc = nkT
q

(ln Isc − ln Io) (2)

Where Iph is the photo current, Io is the dark sat-
uration current, q is the charge of an electron, n is
the diode quality factor and Rs is the series resis-
tance [23]. Voc (open circuit voltage), is the volt-
age determined when the terminals of the PV unit
are isolated. It relates to the voltage that occurs
when there is no current going through the cell.
It is based on Eq. (2), where k is the Boltzmann
constant, T is temperature, Iph (or Isc) is the gen-
erated current, q is charge of an electron and Io
is the temperature dependent dark saturated cur-
rent. The fill factor (FF) gives a measure of the
quality of the cell and its determined according to
Eq. (3). FF is between 0.7 and 0.8 for a good cell,
and may be 0.4 for a poor one PV Education [24].
The fill factor is determined using Eq. (3).

FF = Pmax

Voc × Isc

= Imax ×Vmax

Voc × Isc
(3)

Efficiency (η) is the ratio of the electrical output,
Pout as opposed to the solar cell supply, Pin as
shown in Eq. (4) [3].

η= Pout

Pin × Isc
→ ηmax = Pmax

Pin × Isc

= Voc × Isc ×FF
It× Ac

(4)

Where power in, Pin = I t (Irradiance (W/m2)) ×Ac
(cross sectional area of solar cell (m2)). IV curve
tracing is a tool used to evaluate the performance
of a PV module or array, suitable for checking all
possible PV module operating points or module
strings. The electric power produced by the solar

PV cell or module is a function of the character-
istics of the current (I) and voltage (V). A charac-
teristic current versus voltage (I-V) curve is pro-
duced by measuring the relationship between cur-
rent and voltage while varying the electrical load
connected to the PV cell or module from open cir-
cuit to short circuit.
2. MATERIALS AND METHODS
This study seeks to characterize the perfor-

mance of 14 polycrystalline PV modules with out-
door exposure of 22 years in Kumasi, Ghana on
Latitude 6° 40" N and longitude 1° 37" W in Sub-
Saharan Africa. The modules were rack mounted
and installed on the roof of the Solar Energy Lab-
oratory building, College of Engineering, Kwame
Nkrumah University of Science and Technology
at an angle of 12 degrees and currently not con-
nected to the grid. Table 1 shows the methods,
equipment and materials used in this study.
2.1. Experimental
The experiments carried out include:
Visual inspection

The 14 polycrystalline modules from the same
manufacturer were physically inspected using the
National Renewable Energy Laboratory’s (NREL)
Visual Inspection Checklist [23]. To determine
the visual defects or failures, we visually exam-
ined the conditions of the modules.
2.2. I-V Curve Tracing
In this study, TRI-KA characteristics analyzer

in conjunction with TRI-SEN sensing device were
used for IV curve tracing. The TRI-KA character-
istics analyzer measures and computes the follow-
ing electrical parameters: short-circuit current,
open-circuit voltage, I/V characteristic curve, STC
characteristic curve, ideal characteristics curve of
module manufacturer, and fill factor.
The TRI-SEN is used to measure the mod-

ule level temperature, inclination angle and the
global irradiation. This information is sent to
the TRI-KA wirelessly to enable the extrapolation
of the characteristic curve into STC curve (1000
W/m2 irradiation, 1.5 Air Mass and temperature
of, 25℃). The TRISEN uses a monocrystalline sil-
icon reference cell to measure irradiance. Eqs. (5)
– (7) show the formulae used in computing the
rate of degradations for Pmx, Isc, Voc as reported
in [6].

Pmax deg rate =

(
Pmax drop

)
years of operation (age) (5)
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Figure 1: I-V curve for module 1.

Isc deg rate =
Iscdrop

years of operation (age) (6)

Voc deg rate =
Vocdrop

years of operation (age) (7)

Where Pmaxdrop, Iscdrop and Vocdrop are the
changes in power, short circuit current and open
circuit voltage respectively.

2.3. IR Imaging
Hotspot is one of the most powerful indicators

for diagnosing defective areas of a PV module.
These are areas in which parts of the module have
high temperatures. In this study, infrared tests
were carried on the module surfaces using Fluke
Corporation’s thermal imager Ti400. This exper-
iment examined the surfaces of all the cells of
each module by moving the imager from cell to
cell, repeating the test for all fourteen (14) mod-
ules. Eachmodule was short-circuited prior to the
test. This was done by observing the distribution
of temperature over the PV module surface. The
hottest and coolest temperature points were noted
and recorded as well as the difference between
them. Cells of modules with extreme variations
in high temperatures indicate that the module is
defective. Under the criteria specified by [25] and
[26] for the infra-red test, modules that record a
temperature difference below 10℃ are considered
as pass and those above 10℃ are deemed to have
failed the hot spot tests.

3. RESULTS AND DISCUSSION
This section presents the results of the various

experiments carried out as well as discussions of
the results and possible reasons for observed be-
haviour.

Figure 2: I-V curve for module 2.

Figure 3: I-V curve for module 3.

Figure 4: I-V curve for module 4.
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Table 2: I-V tests results at STC.

Nameplate
Pmax Vmax Imax Voc Isc FF PPF Efficiency
(watts) (Volts) (Amps) (Volts) (Amps) (%) (%) (%)
50 17.2 2.9 21.6 3.2 72 100 10.75

Module #
M1 30.88 13.59 2.27 20.50 2.8 54 61.8 6.64
M2 34.41 15.77 2.40 20.37 2.8 66 68.8 7.40
M3 34.49 15.20 2.27 20.04 2.6 66 69.0 7.42
M4 35.42 15.31 2.29 20.53 2.8 61 70.8 7.62
M5 38.26 15.23 2.51 20.64 2.9 64 76.5 8.22
M6 35.06 15.31 2.29 20.53 2.8 61 70.1 7.54
M7 37.04 15.89 2.33 20.82 2.8 64 74.1 7.97
M8 33.26 15.85 2.32 20.78 2.8 63 66.5 7.15
M9 32.86 15.20 2.27 20.04 2.6 66 65.8 7.07
M10 34.09 15.60 2.19 20.44 2.6 64 68.2 7.33
M11 34.91 15.46 2.56 20.18 2.7 62 70.0 7.51
M12 34.36 15.59 2.20 20.19 2.8 61 68.7 7.38
M13 36.42 16.13 2.17 20.49 2.7 63 72.8 7.83
M14 35.39 16.00 2.21 20.58 2.7 64 70.8 7.61

Figure 5: I-V curve for module 5.

Figure 6: I-V curve for module 6.

Figure 7: I-V curve for module 7.

Figure 8: I-V curve for module 8.
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Figure 9: I-V curve for module 9.

Figure 10: I-V curve for module 10.

Figure 11: I-V curve for module 11.

Figure 12: I-V curve for module 12.

Figure 13: I-V curve for module 13.

Figure 14: I-V curve for module 14.

3.1. Visual Inspection
The results of the visual inspection conducted

on module 1 (M1) shows deposits of dust on the
surface and sides with minor cell discoloration at
the bottom left corner. There was no damage on
the front glass and no metallization browning was
observed (the busbars and gridlines appeared to
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Table 3: Infra-red imaging data and I-V performance parameters.

Module Max. Min. Difference Pdrop Pdeg Iscdeg Vocdeg
Number temp (℃) temp (℃) (℃) (Watts) (%/year) (%/year) (%/year)
1 67 42 25 38 1.74 0.61 0.24
2 58 47 11 31 1.42 0.63 0.26
3 58 45 13 31 1.41 0.58 0.32
4 60 52 8 29 1.32 0.62 0.23
5 61 50 11 23 1.07 0.61 0.20
6 61 49 12 29 1.36 0.72 0.23
7 61 51 10 25 1.18 0.65 0.16
8 62 48 14 33 1.52 0.54 0.17
9 60 50 10 34 1.56 0.62 0.33
10 59 47 12 32 1.45 0.56 0.24
11 65 56 9 30 1.37 0.58 0.29
12 63 52 11 31 1.42 0.67 0.29
13 62 53 9 29 1.23 0.64 0.23
14 64 53 11 29 1.33 0.67 0.21

be faded slightly). No cell delamination was ob-
served. Modules 3 and 4 had their junction boxes
removed.

Figure 15: Degradation rates for the fourteen (14) PV
modules.

3.2. I-V Curve Tracing

Figures 1 through 14 show the I-V plots for the
14 PV modules under study. Figure 1 shows the
I-V curve for Module 1. It shows a steep slope in-
dicating the presence of a series resistance.
Module 1 also yielded the lowest Pmax of 30.88

watts, and highest degradation rate of 1.74%/yr
as shown in Table 2, Table 3 and Fig. 15. This
is possibly due to a reduction in power caused by
series resistance and shunt resistance. Fig 12, 13
and 14 show the I-V plots for modules 12, 13 and
14 respectively. The plots show step curves but no
significant reductions in power. Figures 2 through
9 show the plots for modules 2, 3, 4, 5, 6, 7, 8, and
9. These plots are normal plots indicating healthy
modules according to the interpretations provided
by Solmetric [27].

Figure 16: A graph of Fill Factor of all fourteen mod-
ules.

Figures 16 through 19 show the plots of FF, ef-
ficiency, Isc, Voc and PPF for the 14 modules re-
spectively. Again, Module 1 recorded the lowest
values for the FF, efficiency and PPF. This is prob-
ably due to the presence of the steep slope caused
by series resistance as indicated in reference [28].
Module 1 recorded a PPF of 61.8% which is lower
than the acceptable limit of 80% for a 25-years
warranty statement issued by most manufactur-
ers as shown in Fig. 19. The I-V plots for each
module shows four graphs but six items in the leg-
end. Only the first four were used in this work.
These were raw data (green), STC or normalised
for the raw data (red), PUI raw (power for the raw
data) and PUI STC (STC for the raw power data).
The plots for ideal STC and ideal PUI (STC) were
not provided by TRISEN in this study.
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Figure 17: A graph of efficiency of all fourteen (14)
modules.

Figure 18: A graph of Voc and Isc of all fourteen mod-
ules at STC.

Figure 19: Graph of PPF VS Module Number of four-
teen modules.

3.3. IR Imaging
Figures 20 through 33 show the IR images for

the 14 Modules taken from the field in this study.
Figure 20 shows the image ofModule 1.0. It shows
a hew white colour at the bottom right-hand side
of the module, indicating the presence of a hotspot
and a failure in the hotspot test. This is confirmed
by the high temperature difference of 25℃ As in-
dicated previously, temperature difference more
than 100 in the hotspot test is an indication of

Figure 20: Infrared Image of Module 1. [Source: im-
age from field study]

Figure 21: Infrared Image of Module 2. [Source: im-
age from field study]

the presence of a hotspot and a defective cell as
indicated in Table 3 which is consistent with the
I-V data in terms of the lowest Pmax recorded
and high degradation rate of 1.74%deg/yr. As in-
dicated previously, temperature difference more
than 10℃ in the hotspot test is an indication of
the presence of defective cell. Figures 21 through
33 show the IR plots for modules 2 to 14. The cells
in these modules do not show the hue white colour
indicated in figure 20.0 in the case of Module 1.
Module 5 recorded the lowest degradation rate of
1.07%/yr, the highest efficiency, the highest PPF
and reasonably high FF.

4. CONCLUSION
In this research work, a number of analysis

techniques have been used to evaluate the outdoor
performance of polycrystalline silicon PV mod-
ules with 22 years of field exposure in Kumasi
in sub-Saharan Africa. The techniques used in-
clude visual inspection, I-V tests and infrared
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Figure 22: Infrared Image of Module 3. [Source: im-
age from field study]

Figure 23: Infrared Image of Module 4. [Source: im-
age from field study]

imaging tests. The rates of degradation were ob-
tained from the I-V data and the results compared
with the infrared images. The results showed an
average degradation rate of 1.38%/yr for all 14
modules which is above the acceptable limit of
0.7–1.0%/yr. Module 1 (M1) recorded the high-
est degradation rate of 1.74%/yr which is consis-
tent with the IR data which shows a high tem-
perature difference of 25℃ indicating the pres-
ence of hotspots. The I-V curve of M1 also shows
a steep slope indicating the presence of a series
resistance. This is consistent with the work re-
ported in [28]. The IR image is also in agreement
with the temperature difference and I-V data. The
IR image shows a hue white colour at the posi-
tion where the hotspot occurred indicating a de-
fective cell. This observation is in agreement with
the high temperature difference of 25℃. Module 1
also recorded the lowest values for efficiency and
fill factor possibly due to the presence of a se-
ries resistance. All the 14 modules used in this
study recorded PPF below the limit of 80% for 25-
year warranty statement issued bymostmanufac-
turers. The recorded PPF ranges between 61.8–

Figure 24: Infrared Image of Module 5. [Source: im-
age from field study]

Figure 25: Infrared Image of Module 6. [Source: im-
age from field study]

Figure 26: Infrared Image of Module 7. [Source: im-
age from field study]
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Figure 27: Infrared Image of Module 8. [Source: im-
age from field study]

Figure 28: Infrared Image of Module 9. [Source: im-
age from field study]

Figure 29: Infrared Image of Module 10. [Source: im-
age from field study]

Figure 30: Infrared Image of Module 11. [Source: im-
age from field study]

Figure 31: Infrared Image of Module 12. [Source: im-
age from field study]

Figure 32: Infrared Image of Module 13. [Source: im-
age from field study]
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Figure 33: Infrared Image of Module 14. [Source: im-
age from field study]

76.5% indicating that the modules have degraded
and are therefore recording significant drops in
power.
Further work on gaining deeper understanding

with regards to the reasons for the high rates of
degradation will be carried out as well as actions
to address the reasons. This will add more scien-
tific value to the work. Finally, the modules will
be tested multiple times throughout the year at
specified intervals for more reliable results.
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