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Abstract- On-site measurement is a useful mean of diagnostic value and an important key for the assessment of electrical
performances and the study of degradation of photovoltaic modules. This paper presents some findings of PV modules
behaviour in Adrar (southern Algeria). The study allowed assessing the long-term degradation of modules and detecting
possibly defects by visual inspection method. The average annual power degradation rate of PV modules is around 1,5%. Such
value tallies with several studies. The visual inspection helps us detecting many types of failures in PV modules like
delamination, burn marks, cracking while discoloration of encapsulant was the predominant modes of degradation. This study
will in the other hand provide useful information to the manufacturers and owners and helps to better understanding the
degradation mechanisms and, therefore, improving the long-term reliability of photovoltaic modules in the Algerian Sahara.
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1. Introduction

Use of photovoltaic energy systems keep on increasing
throughout the world. The world’s cumulative installed PV
capacity is rising steadily. From less than 1GW in 1998, it
exceeded 23GW at the end of 2009 and by 2013, almost
138.9 GW of PV had been installed [1,2,3,4]

However, the long-term reliability of photovoltaic panels
is essential for progress of photovoltaic field and allows
guaranteeing technical and economic viability of PV systems
as a reliable energy source. The consumers are becoming
more and more sensitive to power losses [5]. Therefore, it is
of the utmost importance that behaviours of PV devices
should be understood. Reliability and lifetime of a PV
system depend mainly on the modules performance and their
different degradation modes [6,7,8].

On-site measurement of 1-V characteristics of a PV
module is a mean of diagnostic value and an important key
for identifying its quality (weak modules, possible defects,
degradation,...) [9,10,11,12].

This work is aiming at assessing the performances of
about thirty photovoltaic modules after long period of
outdoor exposure in the Algerian Sahara. The analysis was
conducted by electrical performance evaluation and visual
inspection of photovoltaic modules. Thus, the study allowed
analysing long term field aged modules by estimating annual
degradation rates and checking possible defects in modules.
It will also provide useful information, helps manufacturers
to understand outdoor degradation mechanisms and improve
long-term reliability of photovoltaic modules in the Algerian
Sahara.
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2. Experimentation

In order to plot I-V curves of modules, we have used an
electronic load and a scope meter (fig.1). The modules are of
the same type (UDTS-50) and consist of 36 cells, an
encapsulant (ethylene vinyl acetate), two bypass diodes, two
junction boxes (one for each polarity), a protective glass on
the front face and a polymer film (Tedlar) [13]. The
assembly of these components can protect cells against
different external agents and environmental conditions such
as humidity (fig.2).

Experiments took place at Adrar in the south-west part
of Algeria. This region of the Algerian Sahara has one of the
greatest solar deposits in the world. The number of sunshine
hours amounts almost 3500 hours/year [14]. The mean
annual of the daily global irradiance measured on tilted
surface exceeds the value of 7kWh/m.sg/day [15]. Curves of
fig.3 give some examples of the diurnal global horizontal
irradiance measured at Adrar (data source: New Energy
Algeria meteorological station). However, this Saharan
region is characterized by important differences in
temperature over the year. In summer, the daily average of
ambient temperature exceeds 42°C (the maximum almost
reaches 50°) while in winter the daily average is around 7°C
(the minimum is nearly 0°C) (see fig.4). The annual average
measured relative humidity in year 2014 is near 19%
(Source: New Energy Algeria meteorological station). In
Adrar, sandstorms are more frequent, particularly in March
and April.

3. Equivalent circuit of the module

In general a photovoltaic module is characterized by the
equivalent circuit of the single diode model (fig.5).

Fig.1. Experimental setup

A

Fig.2. UDTS-50 PV modules

Within the normal operating range, this model has
shown a high concordance with experimental data. The load
voltage (V) and the load current (I) of the photovoltaic
module are usually given by [16,17]:
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where g, lg and Ish represent the light-generated current, the
diode current and the leakage current due to shunt resistance,
respectively.
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Fig.4(b) Ambient temperature at Adrar (Source: NEAL
meteorological station)
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Fig.5. Equivalent circuit of single diode model of
photovoltaic module

The currents Iy and s, are given by the following
expressions:

V +1.R
Id = IO{Equ(T_TCS)_l} (2)
I, =(V+1LR)/R, 3)

where 1o, Rs and Rs are respectively the reverse saturation
current of the p-n diode (A), the series and shunt resistance
of the module (Q). A is the ideality factor, k is the
Boltzman’s constant (J.K-1), T is the module temperature
(K) and q is the charge of the electron (C).

Eqg. (1) is implicit and non linear. The parameters are, by
themselves, dependent on working conditions (solar
radiation, temperature...) [3].

4. Analysis of experimental I-V curves
4.1. Experimental data fitting

The methodology we adopted consists in fitting the
experimental 1-V characteristics, translating them to standard
test conditions, determining the modules performances and
evaluating the degradation rates.

In order to make an estimation of modules parameters,
we used the least square method for the single diode model
(eq.1). However, the precision of the fitted curves is strongly

affected by the choice of parameters initial values. The
difficulties are increased when it’s about of implicit and non
linear type equation and parameters which depend on
environmental conditions.

In fig.6, we have represented some fitted I-V
characteristics. Similar characteristics which have been
obtained in a previous work are also represented for
comparison. We can see notable improvements with respect
to the previous work [18]. The discrepancies between
experimental and fitted curves are mainly due to the
distribution of I-V data and then affect estimation of modules
performances.
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Table 1. Main parameters of some tested photovoltaic modules
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4.2. Modules parameters

The graphical fitting has then enabled the estimation of
the main parameters of one diode model (Rs, Rsh, lo...) which
provide the best possible precision. In table 1, we have
represented some values of these parameters. These values
have been used in the extrapolation to standard test
conditions of fitted characteristics in order to determine the
normalized performances of modules and eventually analyse
degradation mechanisms [18].

Module Rsn(Q) Rs(Q2) AV lo(mA) Ipn(A) Gexp(%)
01 269 0,002 0,27 11,94 2,124 1,92
02 200 1,246 0,57 0,085 3,150 1,12
08 211 0,084 0,25 19,23 2,102 1,75
09 240 0,005 0,24 25,25 2,060 1,38
11 201 0,152 0,31 6,85 1,992 1,62
16 201 0,878 0,35 2,32 2,061 1,68
24 203 0,764 0,37 2,79 2,723 0,69
29 222 0,888 0,35 4,33 2,696 1,48
30 202 2,111 0,52 0,14 2,883 0,75
32 203 1,302 0,48 0,30 3,021 0,97

5. STC extrapolation

In real functioning, the ambient conditions, under which
a PV module can operate, don’t necessarily match with
laboratory tests [19]. Thus, it is more appropriate to present
the modules performances in normalized format in order to
make further comparison. Such normalization is made by
carrying out a point by point extrapolation of measured data
for reference conditions [19,20]. The procedure of the
extrapolation of measured I-V characteristic necessitate to
make punctual correspondence between measured and
translated characteristic including the corrections due to

subsequent deviation against standard test conditions and
which are owed to simultaneous effects of irradiance
(1000W/m?) and module temperature (25°C) [21,22].

5.1. Operating module temperature

Estimation of operating module temperature presents a
challenge because of the complexity of the thermal balance
influenced by some factors such as wind direction, module
design, orientation and mounting structure... [21,23]. The
measuring temperature of a photovoltaic device is difficult
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because the contact with individual cells is impossible. In
practice, it’s the temperature of the rear module surface
which is recorded, but this alternative leads to some
discrepancies [23,24,25].

Another approach considers the nominal operating cell
temperature (NOCT). This parameter allows bypassing the
complexity of the thermal behaviour of photovoltaic modules
[21,26]. Thus, a simplification is adopted by supposing that
the difference cell temperature/ambient temperature increase
linearly with irradiation. The linearity coefficient depends on
module installation, wind speed, ambient humidity and so on.
For different values of irradiation, a simplified expression of
the module temperature is given by [21,26]:

H
T, =T, +—(NOCT -20 4
«=Ta* 300 ) Q

with T, and H are respectively the ambient temperature and
incident solar irradiation. The parameter NOCT is the
nominal operating cell temperature.

5.2. STC I-V characteristics of PV modules

With their previous form, the fitted characteristics of
modules seem to be not convenient for a subsequent use
because they have been recorded for ambient conditions
which are not necessarily identical. They must then be
presented for the same ambient conditions in order to make
possible any comparison [18]. Within the framework of this
study, outdoor modules characteristics have been translated
to standard test conditions by using the well-known formulas
found in several references and given by [27,28]:

H
ISTC = Imeas[ H STe J + a(Tc,mod _TSTC) (5)

meas

VSTC =V

meas

— BAT —R_Al +vt.|_n(h] ©)

meas

with Istc is the current module at STC (A), Vsrc the voltage
module at STC (V). Hstc and Hmes are respectively the
reference and the measured irradiance (W/m?), Tsrc the
reference module temperature (°C), Tc the measured (or
computed) module temperature (°C), o the temperature
coefficient of the current (A/°C), B the temperature
coefficient of the voltage (V/°C), Rs the series resistance,
Imeas the measured current.

AT and Al are given by the following expresions:
AT :TSTC _Tc,mod (7)
Al = ISTC - Imeas ®)

The parameter T corresponds to the junction
temperature of module cells. It’s computed by using the
formula of equation 4 [21,29]. An equivalent temperature is
then supposed representing the thermal behaviour of all
device cells [18].

When we applied the translation expressions, we
obtained new characteristics which refer to standard test
conditions. In fig.7, we have represented together the
translated characteristics of some tested photovoltaic
modules. So, it would be easier to compare between the
performances of these modules. The examination of these
graphs allows noting that the translated characteristics are
relatively close to each other. This could be logical because
all tested modules are of the same type [18]. The noted
differences can nevertheless be ascribed to different factors
[18]:
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Fig.7(a). STC I-V characteristics of some modules
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Fig.7(b). STC I-V characteristics of some modules
> sources of errors due to experimentation ;

» Dboth coefficients o and B (used in STC equations)
were supposed to have the same values for all the modules
under test. Besides, the values of these coefficients can
change with time. On the other hand, some measurements
confirmed that the assumption of only two coefficients for
the entire characteristic is not valid. This is one of reasons for
which translation methods are less accurate [23,25,30];

» possible degradation or failures in modules ;
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> errors relevant to the estimation of the equivalent
module temperature (temperature model).

6. Performances and degradation assessment
6.1. PV modules performances

The analysis of STC I-V characteristics resulted in the
determination of modules performances, namely the
maximum powers, fill factors and efficiencies. Such
parameters are presented in table 2. The values of modules
parameters allowed deducing marked drops in maximum
powers and fill factors with regards to initial values of a
same-type module, so we can confirm that the modules have
sustained performance degradation.

6.2. Assessment of PV modules degradation

In order to assess the degradation rate of modules, it’s
necessary to have information about their initial
characteristics. In this study, we have chosen the same type
module tested in the same site (before degradation). Then,
we proposed using this module as a reference for the
degradation study. The STC characteristic and the main
parameters of this module are presented in figure 8.

Table 2. Some PV modules performances

Module Pmax.stc (W) FFstc (%) (%)
02 40,98 56,77 9,55
04 38,99 56,29 9,09
08 40,45 55,05 9,43
09 39,80 54,88 9,28
12 40,31 54,61 9,40
16 38,86 53,98 9,06
24 40,10 57,74 9,35
27 34,49 47,05 8,04
30 38,21 52,80 8,91
31 31,76 46,39 7,40

In order to make a comparison between the modules
performances, we intended to represent their characteristics
in a dimensionless form [19]. In principle for a same module,

the dimensionless function i = f(V) defined for different

values of environmental conditions leads to reduced
characteristics which are close to each other. [19]. The
examination of curves of figure 9 allows noting considerable
deviations against the reference module, in particular in the
maximum power region. Consequently, the modules fill
factors will be dropped.

In order to assess the degradation of the modules, we
defined a degradation factor for each parameter of the
module (Pmax, FF, Rs,...). This factor has been used in order
to make a theoretical estimation of the change in these
parameters compared to reference module ones. In table 3,
we have given values of degradation factors for some tested
modules. As first observation, we can report a decrease in the
maximum power. The values of Al and AV, let to conclude
that the maximum power points were moved away from the
reference module knee. Certainly, the increase in Rs and

decrease in Ry have principally contributed in the
performances degradation of tested photovoltaic modules.
The outdoor testing of the 32 photovoltaic modules revealed
that the power degradation rate is ranged between 33% and
7% in 11 years of operating (3%/year and 0,64%/year). The
yearly average rate is around 1,5%.

6.3. Discussions about the degradation rate

There is no consensus number for the annual degradation
rates of conventional crystalline modules; however, it
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became a focus for researchers [31]. Various field studies
have measured the yearly degradation rates of crystalline
modules and indicate a value of approximately 1.0% per year
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[31,32,33,34]. In recent studies, it has been reported a value
of 0,8%l/year of the mean degradation rate deduced from
more than 2000 degradation rates measured on modules after
long periods of exposure field. Nevertheless, 22% of these
reported rates are greater than 1%f/year [35]. In reference
[36], the degradation rate of 12-13 years old modules is
ranged between 0,6%/year and 2,5%/year depending on the
manufacturer. Other study showed a mean degradation rate
over 14% after 11 years (1,27%/year) [9].

The degradation rate found in the present study seems to
be in good concordance with studies. It’s nearly identical to

Table 3. Degradation Factor values of some modules

Module AVm Alm APm AFF An

Mo01 -8,63 -5,74 -13,75  -19,03 -13,71
M02 -1091  -2,50 -13,01  -18,90 -12,98
MO03 -10,96  -7,59 -17,61  -24,14 -1757
MO04 -4,65  -14,05 -17,94  -19,73 -17,90
MO5 -4,76  -11,90 -15,97  -19,83 -15,93
MO7 -12,15  -1,87 -13,67  -18,67 -13,63
M08 -5,01  -10,50 -14,86  -21,50 -14,82
M09 -5,02  -11,92 -16,22  -21,74 -16,18
M11 -4,22  -11,78 -1539  -18,60 -15,35
M12 -9,25 -6,64 -15,15  -22,12 -15,11
M16 -7,30  -11,90 -18,21  -23,01 -18,18
M23 -6,99 -4,30 -10,86  -24,65 -10,82
M24 -7,50 -8,88 -1559  -17,65 -15,55
M29 -10,52  -9,57 -18,96  -23,84 -18,93
M30 -13,60 -7,04 -19,57  -24,70 -19,53
M31 -22,05 -14,36 -33,15  -33,84 -33,12
others quoted for modules fielded in desert climatic

conditions [31,33]. Higher degradation rate (1,75%/year) has
been found after 20 years of field exposure of a same type
module tested in other site of Algerian Sahara [37].

We shouldn’t rule out that degradation rate can increase
under influence of intense ambient temperature [38].
Furthermore, other studies confirmed that modules,
incorporating EVA encapsulant and a Tedlar aluminium back
sheet, showed higher degradation than silicone encapsulated
ones [35,39]. We should point out that the number of
modules under test is relatively insufficient with respect to
other studies. In reference [36], the number of modules
reached 4000. Obviously, the fitting errors of experimental
characteristics have no negligible influence on the estimation
of modules degradation rates.

6.4. Detection of defects by visual inspection

Fielded photovoltaic modules are subjected to several
environmental stresses which cause the performance losses
affecting the electrical and financial performance of the
system and the consumer fulfilment. [6]. Theses
environmental stresses are due to several factors such as:
temperature, humidity, irradiation, mechanical shock, etc
[6,8,36]. According to several studies, the degradation of
photovoltaic modules can be due to some mechanisms which
are brought about to design failure or defects that can emerge

when the modules are in operation [4,40]. Environmental
parameters such as temperature, humidity and UV radiation
are the main factors of PV module degradation [8,41]. In the
case of crystalline silicon PV modules, the degradation of the
semiconductor is not important because of the stability of the
semiconductor material. Field experience indicates that the
primary causes of performance losses are associated with
mechanisms external to the cell itself such as corrosion,
discoloration, delamination, breakage and cracking cells...
[8,42].

In order to detect photovoltaic module degradation

modes, scientists use various methods such as visual
inspection, infrared images, electroluminescence and
photoluminescence imaging techniques...[4,12,43].

However, the visual inspection is a powerful tool and is the
most effective and quickest method to identify causes of
failures in a PV module. In addition, the vast majority of the
returns were associated with mechanisms that can be
observed visually by customers [43,44].

Generally, power degradation of PV modules appears to
be primarily due to current drop (discolouration and/or
delamination of the encapsulant) and fill factor drop (series
resistance increase due to thermo-mechanical fatigue of
solders bonds) [36,43]. The factors affecting the durability of
the interfaces within a PV module may include UV radiation,
temperature, and/or moisture [43].

In this study, we just carried out visual inspection for
detecting defects in photovoltaic modules. The observed
defects are thus highlighted as follows:

6.4.1. Browning of the EVA encapsulant

Under irradiance, encapsulant becomes too vulnerable.
In fact, UV light is the primary stressful factor for polymers
as its high energy content. Some authors determined that this
degradation is mainly due to change in chemical structure of
the polymer provoked by UV radiation and water exposure
combined with temperatures above 50°C. This degradation is
accompanied by a discoloration of the encapsulant. This
causes a change in the transmittance of the light reaching the
solar cells and therefore the power generated by the module
is reduced [4,6,7]. Some studies showed that EVA
discoloration degrades the short-circuit current (lsc) of PV
module; this degradation of I may vary from 6% to 8%
below the nominal value for a partial discoloration of the PV
module surface and from 10% to 13% for complete
discoloration [8]. In our study, most of tested modules
showed light discoloration over centre of cells Fig.10 shows
an example of the discoloration of EVA.

6.4.2. Delamination

The loss of adherence between the encapsulating

polymer and the cells or between cells and the front glass and
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Fig.10. Discoloration of EVA

Fig.11. Some delaminated cells

the subsequent detachment of these layers is called
delamination. It represents a serious problem for photovoltaic
module lifetime because it can cause severe performance
degradations. It can lead to two effects: an increase of the
light reflection as well as water penetration inside the module
structure (chemical reactions and degradation of different
parts of the module). It can also weaken and even interrupt
heat dissipation within the module to cause hot spot and
thermal fatigue. Delamination often results in the corrosion
of metals involved in the module structure and then the
resistance could increase. Delamination can also lead to a
transmittance loss [4,6,8,43]. This defect type is not
frequently encountered in tested modules. Fig.11 illustrates
such defect seen in UDTS-50 PV modules.
6.4.3. Snail trail

Snail trails are a widespread phenomenon affecting
crystalline silicon modules at outdoor exposure and arouse
an enormous concern to the solar industry. The formation of
silver carbonate nanoparticles discolours the silver paste of
the front metallization solar cells (at the edge of the solar cell
and along usually invisible cell cracks) [43,45,46,47]. During
the summer and in hot climates snail tracks seem to occur
faster [43,45,46]. It seems that moisture is a key factor in the
phenomenon [45]. There is a little sign that snail trails cause
significant decrease in module power [45,47]. The origin of
the discoloration of the silver paste has not been clarified
[43,46]. Fig.12 shows such defect in a photovoltaic module.
6.4.4. Bubbles

A bubble is a sort of an air chamber that is usually due to
a chemical reaction releasing some gasses. This kind of
defect can result in increase in temperature of adjacent cells
because the heat is less dissipated [4]. We have not seen this
kind of defect (in back or front side of photovoltaic
modules). However, the stains in the photo of fig.13 look like
bubbles. Sometimes a bubble can be only detected using IR
techniques, as it is not visible though visual inspection alone
but rather causes a temperature change [4,8].

Fig.13. Bubbles in UDTS-50 module

6.4.5. Burn marks

Burn marks are one of the most common failures
sometimes observed in silicon modules. They are associated
with parts of the module that become very hot because of a
variety of cell failures (partial shadowing, solder bond
failure, failures in the interconnection between cells, cells
mismatch or other hot spots) [43,48]. Solder bond failures
can be caused by thermal fatigue. As the temperature
increases, the resistance may also increase until the
temperature is hot enough to discolour the encapsulant [43].
Most of inspected modules didn’t show visible burn marks.
Nevertheless, hot spot defects can’t be detected by sight but
by performing a thermal analysis [4]. The photos of fig.14
show some examples of burn marks in cell-interconnect
busbar.
6.4.6. Other defects

Visual inspection, carried out in photovoltaic modules,
revealed some other defects which we summarize as follows:

» Cracks, lines and blemishes: the small thickness of
silicon solar cells makes them more vulnerable to cracks.
Some cracks are very small and thus they aren’t visible to the
naked eye (micro-cracks). A crack could probably lead to
chemical reaction or a migration that affected the anti-
reflective coating and upper layers and result in a visible line
[4,49]. There is always a potential risk that micro-crack can
develop into longer and wider cracks leading to a cell
fraction with a performance lost [6,49]. Cracks are due to
mechanical stress caused by wind and thermo mechanical
stress on the solar modules due to temperature variations
[43]. The thermal heterogeneity of different materials can
induce cracks, bubbles and delamination under daily thermal
cycles [6].The photos of fig.15 show cell in module with
lines and some blemishes.

» Defects in anti-reflective coating: in operating
conditions, the radiation could induce a change in the anti-
reflective coating colouring and their properties as well.
Then the light that reaches the cell may be lower than
expected [4]. A follow-up of affected modules showed that
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this defect is related to an oxidation of this coating. Such
oxidation can severely affect adherence between the cells and
the glass [4] (fig.16).

i1

Fig.15a Cracks, lines and blemishes in some modules
LT

Fig.16. Defects in anti-reflecting coating in some modules

Other  defects  (stain, imperfection,  scratches,
abnormalities,... ) were also observed in some modules and
can cause risk of power degradation or breakdown or
hotspots (fig 17).

In general, we have not observed visible signs of defect
or damage in junction boxes of modules. Nevertheless, we
have to care about two major problems with electrical
connections:

» due to the thermal differences, the module wiring
connectors may slacken off (connections must be regularly
inspected and tightened if necessary);

» penetration of dust in the electrical connection
boxes can weaken the electrical contacts (periodical cleaning
and inspection are necessary).

7. Conclusion

The aim of this work was to provide an assessment of
the performance degradation of UDTS-50 photovoltaic
modules, made up of monocrystalline silicon solar cells, after
long period of exposure in Algerian Sahara.

- —_—

Fig 17. Some other defects in PV modules

The parameters of the photovoltaic modules have been
determined by using the graphical fitting approach (least
squares method). Then the translation procedure has been
used in order to extrapolate the fitted I-V characteristics to
standard test conditions. The comparison of these
characteristics with a reference module revealed a drop in
performances namely the maximum power. This means that
the modules have sustained degradation in their
performances. The average annual power degradation rate of
modules is around 1,5%. This rate seems to be in good
concordance with several studies and it is identical to others
quoted for modules fielded in desert climatic. Higher
degradation rate (1,75%/year) has been reported for the same
type module after 20 years of field exposure in similar site of
Algerian Sahara.

Visual inspection has been carried out in order to detect
defects in fielded photovoltaic modules. Several types of
defects have been observed (discoloration, delamination,
burn marks...) but discoloration of encapsulant was the
predominant modes of degradation.
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