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Abstract. Pv modules are the most reliable component of a Degrf_ﬂ\da“_on in PV modules means a gradu_al
photovoltaic (PV) system. This supposed reliability leads the deterioration of the component or system characteristics
modules to have a warranty of up to 25 years. With the increasing that can affect the ability to operate within the permitted
insertion of PV in the energetic matrix, it is necessary to evaluate tolerances criteria. Manufacturers consider a degraded
and guarantee the reliability of this source. This paper presents an P\ module when the output power reaches a level below
evaluation of degradation in PV modules installed 15 years ago ggo, of the nominal condition [3]. The PV modules
on the roof of the Department of Electrical Engineering, Federal - o tormance can be compromised by several factors,
University of Ceara, Brazil. This evaluation uses two methods: such as temperature. humiditv. radiation and mechanical
visual inspection and analysis to measure degradation degree in P ’ Y, .

electrical properties of the modules. Maximum poweyeP shock [4]. E_ach of the;e fact_ors can cause various types
maximum power point (Mpp); Short circuit current g) and establishes the parameters for determining the modules
Open circuit voltage (¥o) are measured using a power curve degradation and performance. The tests include visual
tracer and compared with manufacturers data. Visual analysis detection of defects in insulation and leakage currents
show that delamination and discoloration are the degradations [5].In this way, this paper aims to detect and evaluate the
fo;rggweltnersmgslt/lPon r;féicm)%dggegs(j%cﬁ;‘:'f%irr'&? the electrical  jegradation of the electrical characteristitg (V oc, and

P : Pypp) and to identify by a visual inspection which types
of degradation are present in PV modules installed ca. 15
years ago in Fortaleza, Brazil.
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1. Introduction Fig. 1 shows the PV modules under investigationon the
roof of the Electrical EngineeringDepartment, at the
Constant changes in oil prices and environmental impact Federal University of Ceara, Fortaleza, Ceara, Brazil.The
resulting from the use of fossil fuels has led to increasing plant was installed in 1998 with a lifespan of 25 years
participation of renewable energy sources worldwide. under warranty.

Among the renewable energy technologies, photovoltaic
(PV) has shown a significant increase in the global energy
matrix[1]. According to the European Photovoltaic
Industry Association (EPIA), at least 38.4 GW in PV have
been installed worldwide in 2013, a record mark for the
technology[2]. Currently, the world-installed capacity is
around 138.9 GW.

With such insertion in the energy matrix, PV generation
can be considered economical and reliable only if the PV
modules operate reliably having a lifetime of 25 - 30 years.
Brazilian semi-arid climate provides ideal conditions for
PV electricity production due to the high irradiation values
throughout the year. However, the evaluation of the cells
performance exposed to semi-arid climatic conditions B i gl
should be performed to verify the development of possible Fig. 1.Layout of the PV modules under investigation
damages.
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The two rows of the right side (Fig. 1) are composed ¢
modules connected in parallel at edste modules. The
left row shows seven modulesnnected individually. i
this study, visual analysiswawade in all modules ar
analysis of the electrical parametdosused onthe row
withsevenmodules. Each of these modules cos of 36
monocrystalline silicon cells with 1293 mm in length
width of 392 mm and 34 mm thick. TiImodule electrical
characteristics are given in Table I.

Table I. - Module electricglarametei

PV MODULE S55

Maximum power (Rpp) [W] 55.00

Current at the maximum power point) [A] 3.15

Voltage at the maximum power poitypr) [V] | 17.40

Short circuitcurrentdo) [A] 3.45

Open circuitvoltage (M) [V] 21.17

Visual inspection and analysis of the electri
characteristics were made dsscribed in IEC 6121[6].

These types of analyses are very important in

evaluation of the degradation of Rwbdule: because they
descibe, categorize and quantify the major forms

degradation

A. Visual inspection

The first step in a visual inspecti®dman examination of
PV module. The inspection allovdetectine some failures
and defects that carme observed visually, such
yellowing, delamination, cracks and bubbles in ci
corrosion, misalignments and burnt cells. As describe
IEC 61215, visual inspection jgerformed under natur
sunlight with a good intensitylt is recommended t
inspect at several different angtesavoid errors due to tf
reflected image[6].

B. Analysisof the electrical parameters
The acquisition of the electrical properties of the st

modules under investigation waarried out withthe use
of a Mini-KLA analyser (Fig. 2).

N

Fig. 2.Mini-KLA analyse..
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This analyser is a completeeasurement system to tre
IV-curves of PVmodules with open circuit voltages up
120 V and short circuit currents up to 8 A. The glc
irradiance (W/m2) and the moale temperature were
measured simultaneously with a reference cell attach
the analyser so that all relevant parameters
calculating data STC (Standard Test Conditions) \
considered.

Initially, the acquired data were stored in analyser; in

a second phase, dateere transferred to a compu

through a VGA output. The curvare visualizedwith the
use of a softwardzig.3 shows the software interfa

B - MiniLes 237
File Edit Mini-KLA Help
Temperature Coeff.

I-V Curve [EmB5modulostk | Mini-KLA conneded
= MPP Voltage
07 R PP Current061 __ A|
0 [ MPP Puwer
05 \ﬂ Open-circuit Voltage
04 )\ Short-circuit Current[0.71 A
03 Irradiance
02 Temperature
01 | Fill Factor 589 %]
00 | Comment

00 25 50 75 100 125 150 175 200
UM
i Measured SIC
Stop

Fig. 3. Software interfaceith acurrent-voltage curve.

C. Electrical characteristics modelling and degradation
determination

The electrical characteristics measurements (short ¢
current and open circuit voltage) were corrected
mathematical modellingequations 1, 2, 3, 4, 5 and
found in the literature in order to find the equival
values in standartist conditions (STC), characterized
radiation of 1000 W/mz2 ancell temperature of 25°C [3],
[7]. For that phasenitially the voltage and current we
standardized using equations 1 and 2. The wvi
obtained from these calculations were then use
calculate the maximum output poweequation 3).
Finally, to calculate the degree of degrads,equations
4,5 and 6 were used.

Equations 1 and 2 correspond to standard -circuit
current and open circuit voltage, respecti

1000

Isc.stc = Isem * (K) +a xS * (Trep = Trmoa)72(1)

I icrepresents thetandarcshort-circuit current/ g, is
the measured shocircuit curren,G,,is the measured
irradiation, o is the current temperature coefficient, ¢
the module surface, Tr&f the temperature reference a
Tmod is the modulesmperatur¢8].

Vocste =Vocm + B * N * (Tref - Tmod)(z)
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VocsiciS the standard open-circuit voltagg,.,, is the
measured open circuit voltagejs the voltage temperature
coefficient and N is the number of cells per module.

Praxste = Isc.stc * Voc.ste * FF(B)

PraxstciS the standard maximum powgg,g..represents
the standard short-circuit currerity. .is the standard
open-circuit voltagearfeFisthefill factor.

Delamination

AISC (%) — ISCfI_ISC.StC % 100 (4)
SCf B
Fig.5.PV module showingdiscoloration and delamination.

AV (%) = Yocs=Vocste 100(5) These forms of degradation are a consequence of the
oc Vocr presence of hot spots, according to Fig. 6,showing
different temperatures.

AP max(%) = —Pmax;;:;ax'sw * 100 (6)

Al (%), AV (%)andAPR,, .. (%)represent the percentual
degradation of the short circuit current, open circuit
voltage and the maximum  output  power, -
respectivelyigq(is t'he short-circgit c'urrent supplieq py the RS contral
manufacturei/,c, is the open circuit voltage specified by 118 1

the manufacturer amy}, . is the maximum output power 8

specified by the manufacturer

3. Reaults

A.  Visual inspection

The main forms of degradation found in the 27 PV
modules under investigation and the frequency of
occurrence of these degradations areshown in Fig. 4.

Fig. 6.Hot spots in a PV module.

Corrosion was found in almost 50% of the investigated
modules. From 27 modules, three had a more intense

100 - . .
corrosionprocess(Fig. 7).
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Fig.4. Frequency of degradations (discoloration,
delamination, corrosion, breaks and cracks) found in the
PV modules.

Discoloration was found in practically all cells, although at
different rates. The delamination process occursin 20 of

the 27 modules, with different intensities. In most of the
cases, the effect of delamination wasfound linked with The structural elements of all arrays, like details made of

discoloration, according to Fig.5. corrosive materials, showed advanced corrosion, with
thick layers of oxidized material. Breaks and cracks were

observed in only twomodules.

None of the modules showed cracks or breaks at the rear,

but low corrosion was observed in the connections of the

Fig.7. Corrosion of structural elements in a PV module.
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modules. This low corrosion, however, does not exc
the possibility of corrosion of ¢éinternal structure of tr
material.

B. IV-curveDegradation

All seven modules under investigateirowed an anoma
in the IV-curve near the short cirtyioini, as can be seen
in Fig. 8 To confirm this anomaly, tests were perforr
with other PV modules,both monocrystalline an
polycrystalline,and showed no deformation in the regi
thus ruling out the possibility of having been an anor
arising from the equipment as well as measurement ¢
and confirmed so that all seven modthave degradation
in the IV-curve.

A
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Fig.8- IV-curve anomaly found in the module 7 (M

This failure in this curvmay be related to the presence
hot spots on the surface of the module. The
temperatures at hot spots reduces thevoltage and thus
reduce the performance of the photovoltaic cell
eventually hamper the performance of the mo([9].

C. Analysisof the electrical properties

Measurement of theelectrical propertasthe modules i
operation is affected by environmental conditions. T
measurements of the electrical prope done in this
study weremodeled in order to bring them closer to

standard test conditions used by the manufacture
assurance testing, and theffier this, make a comparisi
between the values obtained by the manufacturer (Ta
and the values obtained after more the6 years of
exposure to ambient conditions.

Table Il shows the degradation of theodules electrice
properties, considering measurements
November82014. In the usedime interva (11 am — 1
pm), the solar intensity is approximately 1000 W.

Among the three analyzeglectrical properties, the op:
circuit voltage shows less degradattbhan theshort circuit
current and power outpuf module is characterized
degraded when its initial output power is below g[10].
The output power degradation for the seven mocunder
investigatiomxceeded 30%, characterizing them
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degraded. Skoek et al. (2009), when measured :
modules in operation, found that high performance
(> 20%) were related to the fill factor loss caused b
increase in series resistarjé].

Table Il. —Electrical parameteidegradationinseven PV

modules
M1 M2 M3 M4 M5 M6 M7
AP, | 35.48 | 33.08| 35.4§ 34.65| 35.75 355 31.5P
Al 12.73 | 12.66| 12.73 13.35| 12.56| 12.68 11.58
AVye 9.41 8.98 9.41| 8.63 8.05 8.76 8.68

This degradation of the electrical properties can
related to the higldelaminationindex, discoloration and
corrosion shown in visual analysis. In addition, the pc
degradation is also related the fill factor, that showed
very low values when compared to references four
the literature even in times of high irradia[11].Ndiaye
et al. (2014) also obtained similar results when analy
the degradation of PV moduland related degradation of
power with decreasinfjjl factor[13].

4. Conclusion

There was visual degradation and relative differe

between the electrical parameters of the PV moc

supplied by manufacturers and analyzed after at lea

years of exposure in @opical environment. The outp

power characteristibas the highesdegradation level for
all photovoltaic moduleander investigatic.
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