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The effects of aging and environmental factors on the performance of cadmium
telluride (CdTe) and copper indium gallium selenide (CIS) thin-film photo-
voltaic (PV) modules have been analyzed. Recent developments in thin-film
technology have resulted in reduced manufacturing costs and increased cell
efficiency, making thin-film PV modules desirable for future solar-energy-
generation systems. Such PV modules are currently used for various power
system applications; however, their performance during the operational life-
time is greatly affected by aging and module failures caused by environmental
factors. In this study, x-ray diffraction and infrared radiation imaging were
used to characterize the imperfect surfaces of CdTe and CIS samples taken
from a real application under various aging and environmental conditions.
The performance of the modules was also evaluated by measuring the current,
voltage, power, and efficiency over 3.5 years. During this period, we mainly
detected corrosion, delamination, micro-cracks, and hot-spot failures. At the
end of the study, the module degradation factors (MDFs) were calculated
based on the measured results. The micro-crack and delamination failures
resulted in MDFs of 14.49% for the CdTe modules and 21.24% for the CIS
modules. With these MDF's, the installed system inevitably experienced sub-
stantial power loss in generation: 21.7% for the CdTe modules and 31.5% for
the CIS modules. Consequently, our findings indicate that the performance of
a PV system is susceptible to aging, meteorological conditions, and the PV
technology; these factors should thus be considered before implementing PV
system designs to achieve the most efficient and cost-effective power genera-
tion.
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INTRODUCTION

The significant increase in electric energy con-
sumption worldwide suggests a corresponding sub-
stantial increase in the demand for energy
generation. According to a study performed by the
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Organization for Economic Cooperation and Devel-
opment (OECD) group, the energy consumption of
OECD countries was 957.5 TWh in January 2018,
representing an increase of 3% compared with that
in January 2017, which is a significant increase in
1 year. Renewable sources such as solar and wind
energy take up a share as high as 32.8% within this
3% increase.” From these statistics and the ratio of
renewables versus primary energy sources used for
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energy generation, we can conclude that renewables
are becoming real alternatives.

Among renewable energy technologies, PV mod-
ules have been widely used for electricity generation
in both residential and industrial applications,
where a grid may or may not be available.? Of
existing PV technologies, thin-film PV modules have
become the preferred option for solar applications
for the following reasons. First, thin-film PV mod-
ules yield the fastest payback time, and their
efficiency is continually improving. Second, thin-
film PV modules have low temperature coefficients
during operation in the field, making them suit-
able for hotter environments. In addition to these
advantages, thin-film PV technology is being con-
tinually developed, with superior electrical charac-
teristics being achieved, thereby adding valuable
contributions to conventional silicon PV module
technology and finding widespread usage in the
field.>*

Various types of failures are likely to occur in PV
modules over their operation lifetime that decrease
the overall performance. Although module manu-
facturers generally provide a 10-year guarantee for
their products, some module structures can still be
damaged both physically and chemically, mainly
because of climate and environmental factors. The
most common factors causing this damage are
prolonged operation under humid and hot climate
conditions, instant temperature changes, problems
associated with snow and ice, and corrosive envi-
ronments. The defects and damage lead to degra-
dation of the cell structure and reduction of the
output power of the module. Any drop in output
power is directly related to the economic value of the
installation as the reduced performance results in
reduced payback time.>®

In general, failures in PV modules caused by
environmental conditions can be classified as quick
connector reliability, delamination, glass breakage,
or junction box damage. These types of failures can
occur in all types of modules. In wafer-based silicon
modules, however, cell cracks, ethylene vinyl acet-
ate discoloration, burn marks, potential induced
degradation, fatigue of the ribbon due to thermal
cycling, bypass diode failure, and light-induced cell
degradation failures have been observed. During
the manufacture of thin-film PV modules such as Si,
cadmium telluride (CdTe) and copper indium gal-
lium selenide (CIS) modules, they may develop
shunt hot-spot failures due to either common pro-
duction processes or the reverse front voltage
operation. In addition to these failures, initial light
degradation and annealing instabilities (amorphous
silicon module) failures may occur in thin-film Si
modules. For thin-film CdTe modules, cell layer
integrity-back contact stability and busbar failure-
mechanical (adhesion) and electrical failures may
also be observed.” Some failures do not cause a
significant efficiency loss; however, some may result
in certain issues that make the module unusable.

Although CIS modules have lower failure rates, the
highest fault rates are encountered in CdTe mod-
ules. For Si samples, the failure rate is generally
defined as 0.8% annually.®

Many studies have been performed on the failure
types in PV modules and the associated effects of
these failures on the module performance, such as
the efficiency and reliability. For example, Muehlei-
sen et al.® investigated three PV power stations
affected and damaged by a hailstorm. They used
outdoor electroluminescence and ultraviolet—fluo-
rescence imaging methods to determine the damage
in both the cells and modules caused by hail. In
another investigation, Chandel et al.'® studied the
effect of degradation on monocrystalline silicon
modules used for a solar-energy-supplied water
pump after 28 years of continuous operation. They
investigated the damage and defects in the modules
and later evaluated them in terms of performance
and reliability. Bouraiou et al.'! studied and eval-
uated the failure and damage that occurred in
monocrystalline and polycrystalline modules oper-
ated in a solar-energy power plant installed in a
desert environment. They evaluated many failures
such as the delamination and color change of the
enclosure, and the results were used to improve the
manufacturing process of PV modules to achieve
improved lifetimes. Bandou et al.'? investigated PV
modules placed in a desert environment over
28 years. In this investigation, the cracks and hot-
spot failures in the modules were analyzed, and the
degradation in the power, short-circuit current, and
open-circuit voltage over time was evaluated. In
another study, Andenzes et al.'® investigated the
shading effect of ice and snow covering the surface
of PV modules either partially or entirely. They also
investigated the effect of the ice and snow covering
on the energy production. Similarly, Silvestre
et al.!* investigated the failures of four thin-film
PV modules operated in a dry and sunny region over
a 5-year period. Tahri et al.'® evaluated the failures
that occurred in two types of thin-film PV modules
operated in semi-dry climate conditions over a 3-
year period. The annual failure rates were calcu-
lated and compared with the rates in different
regions.

In a recent study, Demirtas et al. analyzed and
evaluated the failures in CdTe and CIS PV modules
configured as a rooftop application at Gazi Univer-
sity Golbasi campus in Ankara, Turkey. During the
3.5-year evaluation period, they discovered corro-
sion, delamination, hot-spots, micro-cracks, and
breakage failures in these modules and used
infrared radiation (IR) imaging to analyze the
failures.'® Similarly, Kahoul et al.!” studied the
early degradation of PV modules operated in a
desert region for 11 years. They determined the
types of failures and estimated the rate of defects in
cells in an experimental study. The current—voltage
characteristics of the modules were classified in the
analyses. They estimated 12% degradation in the
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performance over the studied period. Quansah
et al.'® investigated the power losses of 29 crys-
talline silicon modules installed at six different
locations after aging for 6-32 years for three differ-
ent applications (water pumping, battery charging,
and exploiting grid connection effects).

The research discussed in this paper is an exten-
sion of the work presented in Ref. 16. A detailed
description of the thin-film PV arrays and a com-
parative analysis of these cell types in terms of
output power and energy production capabilities are
provided. In addition, a comparative analysis was
performed based on x-ray diffraction (XRD) struc-
tural analysis of the CdTe thin-film PV arrays.
Calculation of the module degradation factors is also
included. The objective of this work was to provide a
better understanding of the effect of climate and
environmental conditions on the power production
capability, current, and voltage parameters of the
two types of thin-film PV modules. During the
evaluation period, a substantial amount of data was
collected from both damaged and undamaged mod-
ules for analysis and comparison. Five different
types of failures were observed in the modules:
corrosion, delamination, hot-spots, micro-cracks,
and breakage. The failed CIS PV modules were
investigated using IR imaging, and the damage in
the CdTe PV modules was examined using XRD to
determine the structural quality. In addition, the
degradation factors of these two module structures
were compared using real data.

THIN-FILM PV ARRAYS AND WORKING
ENVIRONMENT

In this section, we first describe the basic cell
structures of the CdTe and CIS PV modules and
then provide efficiency information based on liter-
ature data and describe the two arrays constructed
based on these modules. Finally, we explain the
working environment of the arrays configured for
the intended application. As shown in Fig. 1a, the
basic structure of the CdTe-based thin-film PV cell
consists of a glass substrate, transparent conduct-
ing oxide (TCO) layers such as SnO, or CdsSnQOy,
intermediate layers such as CdS and CdTe layers,
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and a metal layer at the back to form electrical
contacts. The CIS-based thin-film PV cell structure
consists of ZnO, CdS, CIS, and Mo layers deposited
on a glass, metal, or polymer substrate, as shown in
Fig. 1b.'® Many studies on PV cell structures have
been conducted.?’ Efficiency studies on CdTe and
CIS samples have been performed under the global
AM1.5 spectrum at 1000 W/m? and 25°C both in a
single-junction terrestrial cell and in a module. The
efficiencies of the CdTe samples were measured to
be 21.0 &+ 0.4% for the cell-based measurements and
18.6 + 0.5% for the module-based measurements.
The efficiencies of the CIS samples were measured
to be 21.7 &+ 0.5% for the cell-based measurements
and 19.2 + 0.5% for the module-based measure-
ments.?! Thus, the CIS structure provides a higher
energy conversion efficiency than the CdTe struc-
ture. In contrast to the CdTe module, which
requires hard glass as the substrate, the CIS
module can be easily applied to flexible surfaces.
However, CdTe modules have lower manufacturing
costs than CIS modules. The manufacturing cost of
thin-film PV technology is always less than that of
other types of modules. Therefore, thin-film mod-
ules can be mass-produced at much lower cost. In
addition, thin-film modules are less affected by
factors such as shading and temperature than other
types of PV modules.?*?3

Figure 2 shows the experimental working envi-
ronment where the PV module strings were
installed on the roof of an office building at Gazi
University Golbasi Campus Technopark. Both the
CdTe and CIS PV strings in Fig. 2 were installed on
the same roof with an inclination angle of 40° facing
the north—south direction. The electrical parame-
ters of both modules were determined under stan-
dard test conditions at 1000 W/m? and are tabulated
in Table I. The configuration of the strings and the
electrical properties of the modules used in the
strings are described below.

CdTe Thin-Film PV String The model number of
the CdTe module was AB1-67. The module had a
nominal power of 67.5 W and an efficiency of 9.38%.
The string consisted of 30 modules connected in
series to obtain a total power of 2025 W. The system

(a)

Glass

<«— CdS 600-2000 A
CdTe 2-8 um

Sn0,Cd,Sn0;- 0.2-0.5 pm

(b)

Zno, ITO-2500A
<«— CdS-700 A
CIS 1-2.5 ym
Mo 0.5-1 pm

Glass, Metal Foil,
Plastics

Fig. 1. Basic structures of thin film PV cells: (a) CdTe structure, (b) CIS structure.
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Fig. 2. Experimental setup at Gazi University Golbasi campus Technopark: (a) CdTe thin-film module string and (b) CIS thin-film module string.

Table I. Electrical parameters of modules

Module parameters CdTe CIS
Nominal power (W) 67.5 57
Voltage at Pypp (V) 33.60 26.4
Current at Pypp (A) 2.03 2.16
Open-circuit voltage (V) 46 34.4
Short-circuit current (A) 2.48 2.41
Temperature coefficient (%/K) -0.37 —0.53
Total power (W) 2025 2052
Efficiency (%) 9.38 9.30
Country of origin USA Germany

was designed to operate with a 3-kW inverter in
grid interactive mode.

CIS Thin-Film PV String The model number of
the CIS module was C100-Al. The module had a
nominal power of 57 W and an efficiency of 9.30%.
The string consisted of 36 modules connected in
series to obtain a total power of 2052 W. The system
was also designed to operate with a 3-kW inverter in
grid interactive mode.

The strings are thus comparable for evaluation
purposes because the designs of strings from an
electrical standpoint were almost identical.

RESULTS AND DISCUSSION
Comparative Analysis of PV Modules

In this study, both of the PV module strings were
placed on the same roof with the same inclination
angle to enable a fair comparison. The objective of
this study was to analyze the failure types and

compare the effects of failures on the performance
and efficiency under the same environmental con-
ditions. All the data were collected on a daily,
monthly, and annual basis over a 3.5-year period
beginning in January 2015 and ending in August
2018. The daily data, recorded at 5-min intervals,
include the dc side current, voltage, and power, and
the grid side ac current, voltage, power, and fre-
quency. The monthly recorded data consisted of the
energy production (kWh) were measured from the
inverters to which the PV strings were connected.

As shown in Fig. 3, we observed delamination,
hot-spot, and micro-crack failures in the PV mod-
ules during the examination period. The delamina-
tion and hot-spot failures shown in Fig. 3a and b
were observed in the CIS modules, and the micro-
crack failure shown in Fig. 3c was observed in the
CdTe modules. These failures started appearing in
July 2017 and became more prominent depending
on the meteorological and environmental
conditions.

The observed failures caused a reduction in the
generated power and decreased efficiency. To ana-
lyze the effect of these failures on the overall
performance, the module power production capabil-
ity before and after the failures was evaluated. The
power production before the failures was deter-
mined for a normal sunny day and a cloudy day to
obtain a basis for future comparisons. Figure 4a
presents a sample dc power production plot for both
strings for a normal day, and Fig. 4b presents the
same data for a cloudy day. It is apparent that the
CIS modules performed more efficiently than the
CdTe modules for the same inclination angle. The
CIS modules also generated approximately three
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Fig. 3. Failures occurring in PV modules: (a) delamination, (b) hot spot, and (c) micro-crack.

times more power than the CdTe modules when
considering the daily energy generation values.

The CdTe and CIS PV modules were theoretically
analyzed and compared to understand the causes of
the mismatch in power generation. The optical
absorption coefficients of the CIS modules were
much higher than those of the CdTe modules. In
addition, the CIS modules could operate with higher
efficiency under optimum radiation and tempera-
ture levels.

Figure 5 presents a plot of the dc power genera-
tion data of the strings after 1 year of operation. A
decrease of 21.7% in the power generation of the
CdTe string and a decrease of 31.5% in the power
generation of the CIS string were observed in the
same month within the same time interval after a 1-
year period. We can thus conclude that the main
reason for the drop of efficiency in the PV modules
and corresponding decrease in the power generation
was the failures in the modules. Comparison of the
measurements over the entire exploration time
reveals that the module failures were prominent
after August 2017.

We used a FLIR IR camera to monitor and
evaluate the failures occurring in the modules.
Images of the delamination defects in the CIS
modules are presented in Fig. 6. The regions of the
delamination failures were colder than the other
regions in the modules. The physical structures in
these modules differed from the structures in
monocrystalline modules, and these modules
behaved more like a single cell structure than like
modules consisting of multiple cell structures.
Therefore, the heat loss at any point in the module
or irradiation loss due to surface coverage affected
the entire module.

Figure 7 presents IR images of the compared
modules. The delamination failures in the CIS

module string were easily detected because they
created cold regions. However, the micro-cracks
occurring on the CdTe module string were not
visible. Thus, the IR imaging method could not be
used to analyze the micro-crack failures, and failure
detection of the CdTe modules was instead per-
formed using XRD structural analysis. The results
of these analyses are presented in the next section
(“XRD Structural Analysis of CdTe Thin-Film PV
Arrays” Section).

Monthly energy generation data of the CIS and
CdTe strings over the 3.5-year period were also
collected, and the power generation histories of the
CIS and CdTe PV strings are shown in Fig. 8a and
b, respectively. A noticeable decrease in the effi-
ciency of the CIS modules was observed in the
months after the failures started to occur. The
decrease in the efficiency of the CdTe modules with
micro-crack failures was relatively less pronounced
than that of the CIS modules.

According to the data presented in Fig. 8a, the
energy generation performance of the CIS PV
modules started to decrease in 2017. A similar
decrease in the power generation capability was
observed during the first 8 months of 2018. In
contrast, as observed in Fig. 8b, the efficiency loss
in the CdTe-type modules was much lower, and
these modules operated with almost the same
efficiency in consecutive years. The total energy
production values of the modules over the 3.5-year
period were measured to be 12,794 kWh for the CIS
modules and 2933 kWh for the CdTe modules. It is
important to note that the modules had very similar
efficiency specifications according to their catalog
information even though the energy production
differed substantially in the real working environ-
ment. Thus, our findings demonstrate that PV
modules with the same theoretical efficiencies can
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Fig. 4. PV string dc power generation data before module failures: (a) on a normal sunny day on July 1, 2016, and (b) on a cloudy day on

October 15, 2016.

perform differently and exhibit different electrical
characteristics under real working conditions.

XRD Structural Analysis of CdTe Thin-Film
PV Arrays

The micro-crack failures of the CdTe modules
were analyzed using XRD analysis. A GNR APD
2000 pro diffractometer with Theta—2Theta axis
and Bragg—-Brentano geometry and a fast detector
was used for the XRD analysis. The XRD tube
consisted of a Cu source with a wavelength of
1.5406 A. The XRD results from the undamaged
part of the commercial CdTe thin-film array are
presented in Fig. 9. The (111), (220), (311), (040),

(402), (242), and (511) peaks of Miller indices are
consistent with those of the powder diffraction file
(PDF) 96-900-8441, indicating that the CdTe had a
cubic structure with a lattice parameter of 6.480 A.
These XRD results can also be compared with those
of Ref. 24.

Structural analyses of three regions, especially
around the crack of the CdTe PV, were also
performed to analyze the structures of the defected
regions. In addition, powder samples were collected
from locations where the PV was broken to deter-
mine the environmental contaminants in the sur-
face crack zone. XRD patterns of all the samples are
presented in Fig. 10, and the XRD pattern of the
powder is presented for the comparison in Fig. 10a.



6896

Demirtas, Tamytirek, Kurt, Cetinbas, and Oztiirk

1500 -

1000 -

Power (W)

[é)]

o

o
T

—CIS
— CdTe

| Il |
00.00 03.00 06.00 09.00

| | I |
12.00 15.00 18.00 21.00 24.00
Time (h)

Fig. 5. PV string dc power generation with failed modules recorded on October 20, 2017.
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Fig. 7. IR camera images of thin-film PV module strings: (a) CIS and (b) CdTe.

The dust mainly consisted of quartz and calcite
minerals according to the measurements. The XRD
peak of the glass is visible at 26.530°. The calcite
corresponds to PDF 01-074-0764 with a hexagonal

structure and lattice parameters ofa = b = 4.9977 A
and ¢ = 5.4601 A; the main peak in Fig. 10a at
26.2540° is indexed to the (101) plane. In addition, a
(100) peak is observed at 20.5040°. The quartz was
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Fig. 8. Annual power generation data of PV strings: (a) CIS and (b) CdTe.

identified as PDF 01-086-0174 with a = b = 4.9880
A and ¢ = 17.0680 A and a rhombohedral structure,
and the main peak in Fig. 10a at 29.3990° is indexed
to the (104) plane. The other (202) peak appeared at
43.3990°. The XRD patterns of the three different
regions differed from each other, as observed in
Fig. 10b. In the XRD pattern of the first damaged
part, crystallized quartz was detected and appeared
to be a grown layer. Comparison of the XRD
patterns of the dust and damaged areas reveal that
the peak intensities of the quartz and calcite XRD

planes fluctuated on the imperfect surfaces, indi-
cating the collected amount of dust on the surface.
As a result of long-term damage, CdTe was not
detected in the XRD pattern. Indeed, the CdTe was
removed from the surface because of the moisture
content on the damaged surfaces.

Analysis of Module Degradation Factors
(MDFs)

A certain amount of degradation may be caused
by  different environmental factors and
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meteorological conditions depending on the struc-
ture of the PV module. The module degradation
factor (MDF) given in Eq. 1 was used to define the
amount of degradation. This value can be used for
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Fig. 9. XRD pattern of an undamaged part of CdTe thin-film PV
module as shown in the inset.
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different types of modules facing failures at differ-
ent times and at different scales. When performing
the MDF calculation, the short-circuit current of the
ideal module, which is undamaged, and the short-
circuit current of the degraded or damaged module
are considered as the reference parameters.
Depending on the amount of degradation, the series
resistance effect within the terminals of the module
starts prevailing, resulting in a reduction of the
short-circuit current of the PV module.’ Thus,
knowing the MDF of a module provides an index
about the specific module that can be used to easily
classify the modules in a string or even in a large-
scale installation.

(1)

Here, %MDF is the module degradation factor,
Isc(Degraded) 18 the short-circuit current of degraded
module, and Iscagearn is the short-circuit current of
an ideal (undamaged) module.

Table II presents the parameters for the determi-
nation of the MDF. All the values in Table II were

%MDF = (1 - ISC(Degraded) /ISC(Ideal)) x 100
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Fig. 10. XRD patterns of (a) dust collected on CdTe PV surface, and (b) damaged CdTe PV surfaces.
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Table II. Catalogue, measured, and calculated parameters of thin-film PV modules under evaluation

PV module parameters CdTe CIS
Catalogue parameters at 800 W/m? Nominal power (W) 49.5 40.3
Current at Pypp (A) 1.63 2.16
Short-circuit current (A) 1.98 1.93
Measured parameters Ambient temperature (°C) 27 27
Solar radiation (W/m?) 800 800
Degraded short-circuit current (A) 1.693 1.520
Calculated parameters %MDF 14.49 21.24

obtained under normal operating cell temperature
conditions at 800 W/m? using the catalogue values
for the modules.?>?® In our exploration, CdTe and
CIS modules were used. During the measure-
ments, the ambient temperature was measured to
be 27°C and the solar radiation value was 800 W/
m?. Table IT also tabulates the short-circuit cur-
rents of the ideal and degraded modules in the
strings. A significant reduction in the currents was
observed for both modules after the degradation
caused by the module failures. The last row in
Table IT presents the %MDF values based on the
measured short-circuit currents.

CONCLUSIONS

In this study, the types of failures occurring in
CdTe and CIS thin-film PV modules were investi-
gated, and the effects of these failures on perfor-
mance, including the efficiency and power
generation capability, were analyzed. Two compa-
rable PV strings with identical power ratings and
inclination angles were built using CdTe and CIS
thin-film PV modules for a rooftop application at
Gazi University Golbasi Campus, Ankara, Turkey.
During the 3.5-year exploration, we observed that
the effects of the climate and environmental condi-
tions differed for the two types of module strings,
with different types of failures detected depending
on the material. An important difference in the
degradation factors of the materials was also
observed. The major failures that we were able to
accurately detect were delamination, micro-cracks,
corrosion, and hot-spot defects. Micro-cracks and
delamination faults yielded a degradation factor of
21.24% for the CIS modules and a degradation
factor of 14.49% for the CdTe modules. Therefore,
the failed modules in the CIS string resulted in an
average loss in the generated power reaching up to
31.5%; in contrast, this value was only 21.7% for the
CdTe string. The structural defects in the modules
were analyzed using XRD. The existence of a large
amount of dust containing calcite and quartz on the
damaged surfaces indicated the occurrence of struc-
tural damage. The delamination effects on the CIS
modules were detected using IR analysis. It is
important to note that a fault in a single module
in a row not only causes a decrease in power in that

module but also negatively affects the entire string.
When the measured data for the PV modules of the
CdTe structure were examined, it was observed that
the micro-crack failures encountered in these mod-
ules caused less efficiency loss. However, in autumn
and winter months (especially in foggy and rainy
conditions), an earth-leakage fault of the entire
system could occur because of moisture entering
these micro-cracks in the damaged modules. This
fault caused the inverters to completely cut off the
power generation, and the module string did not
reconnect to the grid until the moisture in the
cracks was dried. In conclusion, the performance of
CIS and CdTe modules is affected by meteorological
conditions; these factors should thus be evaluated
before implementing a module design to achieve the
most efficient and cost-effective power generation.
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