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Determination of PV Module Power Output
Degradation after Long Term Operation

Tariq Aziz. Nipon Ketjoy and Chatchai Sirisamphanwong

Abstraci-- This work has been undertaker to examine the
warranties offered by the PV imodule manufacturers for
degradation after long term field operation under Thailand
weather conditions. Samples from the four lots of PV modules
comprising on mono crystalline, poly crystalline and amorphous
siticon, with different duration of field operation ranging from ¢
o L4 vears were tested for I-V curve characreristics under field
conditions and measured values were corrected to Standard Test

guarantees provided by the manufacturers are very
encouraging, but needs to be authenticated uader the
operational conditions in the different climatic conditions in
various parts of the world, as it is a proven fact that PV
modules Performance graph is not linear when operating
environment goes under change [1]{2). Now a day the
average life of PV module is being guaranteed up to 25 years,
vh ;i the past its range was between 15 to 20 years.

Conditions (STC) values by using correction procedure inscribed
in [EC’ 60891 standard. The corrected values of output pawer
and other paraineters were compared with naeplate data for
caleulation of degradation during the peried of opevarion. The
actual degradation in output power for two lots of mono and one
lot of poly crystalline silicon was found remarkably high (3.9, 3.0
& 2%/vear) when compared with the warrantess (0.8-1%/vear
generally). However, interestingly the lot compriting on thin film
amorphous-5i modules showed bigher values of output power
than nameplate. There were no visible defects in the modules
except yvellowing and discoloring. The emhanced degradation
rates can be aciributed to the quality of modules along wich the
effects of harsh field weather conditions.

Index Ternis—Degradation, PV Module, Power output

1. INTRODUCTION

ENEWABLE Energy (RE) fechnologies are getting
rractions day by day becawse of their environment
friendly pature and inexhaustbility. As the RE means are
going to replace the conventional energy sources gradually,
the reliability of RE technology it becoming an important
subject in this scenario. All the future power planning and
économic evaluations depend upon the coamsistency in
performance of RE Technology over the extendad periods of
time. The investors and users are reluctant to proceed because
of the uncertainty about the real performance of RE
componeats when they are exposed to the operating conditions

for long time. '
In the case of PV modules though the performance
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Taking into consideration the output power degradation,
manuficturers are generally providing guarantees in the
following fashion. A 10% decrease in the nominal power after
10-12 years of use and a 20 % decrease m the nomunal output
power after 25 vears of operation in the field [3].

Tke verification work is drawing attention of researchers
from all over the world. Although studies have been
conducted in some areas of the world and results generally
conforms to the guarantees provided by the manufacturers, but
there are still a large number of climatic zones with diverse
conditions in which this work needs fo be done [3]. Another
impartant aspect of this research is that there are continuous
techrological developments/improvements in the PV modules
manufacturing. so the results of previcus studies soon become
obgolete [1]. Moreover the quality control of manufacturing
process is not similar among all facilities so the studies play an
important role for feedback. The performance guarantees
mainly represented by output power needs 10 be authenticated
after long term field operations to ensure -their reliability and
perfermance guarantees, The need for this research becomes
more significant when it connects with the prevailing &
prospect trends of PV Gnd connected large scale Power
Plants. It is very important to ensure the performance related
parameters such as output power warranties. The bases for
economic evaluations of PV projects must be doubt free for
sustainable development of the new emesging clean energy
sectar.

Ths study was focused on the measurement of oufput
power of selected samples from 4 lots of PV modules. among
them I was poly crystalline (45 modules), 2 were mono
crystalline (26 + 96 modules) and last was amorphous silicon
(68 modules) which were exposed to hot and humid field
conditions for a period ranging from 9 to 14 years in
Phitsanulok  Thailand  (latitude16.8158° N, Longitude
100.2636° E & 45 m as.l). The results after comrection to
Standard Test Conditions (STC) were used to calculate
degradation rate and were compared with the -nameplate
values (© evaluate gumatee conditivns wsd with previous
studizs as well.
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II. METHODOLOGY

The work compared the name plate power cutput (Ppoe/
minimum P, at STC) of PV modules with the present output
power (P corrected to STC) by measurmg the power output
of selected samples from the different lots of modules installed
at Energy Park SERT Naresuan Umiversity. Pluisaaulok. The
study undertaken involved the folfowmg steps.

A. Sample Selecrion

Keeping in view the aperational problems it was decided to
test the selected samples (10% of population) from each of the
four lots of PV modules. though the statistical procedure
require testing of nearly whole population for such smaller
populations [4]. A random number table was used 1o select the
samples from the population [5].The detail for each lot is
shown in the table I

TABLE1
NUMBER OF MODULES DY EACE LOT & SAMPLES SELECYED

Lot b Number of modul Number of sampl
1 : 26 3
2 43 3
3 68 7
4 96 10

B. Visual Inspection & Collection of nameplaze data

All the selected samples were washed to remove dust and
stains. A thorough inspection was camried out for lozating any
visible defects or changes in the modules. Nameplate data for
all the 4 lots ynder study was collected befors testing.
Moreover the specifications sheets provided by the

manufacturers of these nodules were reviewed in detail.
C. Teasting under field conditions

Every module was tested in the plane of array (POA)
individually for 1s I-V characteristics while electrically
disconnecting it from the array. All the modules were facing
south with a tilt angle of 17 degree. A CM 11 pyrancmeter by
Kipp & Zonen was used to measure solar irradiance and was
placed i the plane of array dunng the measurement. The
output of pyranonteter was connected to an EKO MP140 I-V
checker which was used to measure IV curve. A T-hpe
thermocouple provided with IV checker was used to measure
the module back surface temperatuse at the center of a cell
close to module center. Moreover a similar thermo couple was
used to measure the ambient temperature. A single lhine
diagram of testing arrangements is shown in fig. 1.
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Fig. 1. Single line diagram of IV cusve measurement system

(Frevm 2014}

A set of three measurements were recorded for each
module to ensure repeatability. All the readings were taken
with in the two hours range from solar noon with afl the
irradiance levels abave §00 W/m® on clear sky days. I-V curve
measurement was done following the IEC Standard 60904-
1[6] & 60891 [7].

D. Correction of data sets 1o STC

It is a globally agreed practice now that module’s
nameplate ratings base on Standard Test Conditions. To
estimate any possible changes i the module ratings after long
term use, the common base of conditions (i.c. STC) will be
necessary. The Standard Test Conditions are given below [8]:

Solar Irradiance 1000 W/m’
Module Tenperatuge . 25°C£2°C
Air Mass L3

The field measured data (pairs of curreat and voltage) were
corrected to STC values using the well-known technique
inscribed in IEC 60891standard [7] and used by many
researchers [9]-[14] with noted slight variations as in {9}, [14]
& 15}

I =11+1:c.m4m(‘9"x__1)*a(7!:n ~Teas )
GCra
1;2=V1""‘ﬁmx"rnnu:)_‘q:a)"11) (2)

Here I; and V4 are corrected values of current and voitage
respectively, while I, ..., is the measured value of short circuit
current, Gy 15 the standard solar irradiance (1000 Wim®),
Gums: 15 the measured solar irradiance, Tse and Tpee are
standard temperature (25°C) and measured temperature
respectively, I; and Vp are measured values of current and
voltage respectively, R; is the series resistance of module and
o & P are the temperatuse coefficients of current and voltage
respectively.

In the IEC 60891 correction procedure 1, an additional term
for curve comrection factor “k” in connection with voltage is
present, however in many studies it was ignored due to its low
significance [9], [14]. This study will follow the same as i
[14]. The value of series resistance was calculated using the
well-known Sandia software [16] and werified through the
relation R, =1/40I__ given in [17]. At higher irradiances as in
this work. the difference between the correcied and measured
curents becomes very low making the term for series
resistance in (2) insignificant, however at lower irradiances it
has significant influence. The temiperature coefficients for
cuerent and voltage (a, B) were taken from the manufacturer’s
spectfication sheets for this study. Vadations relating to air
mass at measurement. time have been ignored as considered
insignificant when compared to indoor simulators [18].

After data correction the maximum power output (Puu),
short circuit current (I,). open circuit voltage (Vo). and fill
factor (FF) were compared with the nameplate values and
findings have been discussed in detail in the following section.
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The fill factor was calculated using the: following refation [19].

& ®

nieax.

l.’( X I,W

FF =

III. RESULTS AND DISCUSSION

A Impact of long term weathering on basic electricel
parameters )

The cormected values of Pro, Im. Vip. Ig Vo and
calculated FF are shown in the fable I below in comparnison
with nameplate values. Moreover the %degradation or
escalation in each parameter is also indicated for all the 4 lots
of modules uader study. Except a-Si lot alf others have shown

significant degradation in each performance parameter. Thin

film a-Si modules have -interestingly shown excellent
performance under hot and humid climate of Phitsanulok after
9 years of operation when compared with the poly ¢-Si
modules during the same tenure.

The highest degradation with respect to nominal values was
recorded in the Py followed by the FF. Lot IV and I showed
very high %age of degradation in Pmx (58%, 37%) and FF
(42%, 24%) respectively. I, depradation was almost half of
the Vo degradation for both Lot I and Lot II, however
degradation in I, was nearly same with V', for Lot IV. Lot IT¥
as mentioned earlier showed some increase in every parameter
except voltage. The comparison of corrected and nameplate
parameters is given ia table I1.

TABIEN
MODULE PERFORMANCE DATA AND Y%CHANGE WITH RESPECT TO NAMEPLATE

Description of lot Year - %difl. Puar (V) T (A) Ve (V) Tap (A) Vap (V) ¥
2003 73 4.2% 1.4 4.45 7 9.74

(Lot I), mono ¢Si, 2013¢ 4,91 4.49 18.67 3.61 12.97 0.56
26 modules. edifference -37.4% -5.47 -12.75 -18.87 -23.70 -2:4.32
Anrnual %decrease/Incraase -3.40 -0.49 -1.16 171 ENE -221

2005 {0 531 213 4.67 17.1 0.71

Tt T, paly ¢Si, 2613 62.11 191 18.83 534 1432 0.67
45 modules. “4difference -71.36 -7.52 -11.59 <743 -16.26 -45.83
Anngal %decrease/Inacase -2.49 -0.84 -1.2% -0.79 -1.81 .54

2008 54 1.14 83 0.87 62 0.56

(Lot 110}, Thin film 2013 55.84 1.23 72.75 1.02 3472 0.81
-5, 68 modules %difference +3.41 +9.71 -14.41 +17.36 -11.74 +10.27
Annnal %dacraaze/Incraase 40.38 +1.08 .1.60 +1.93 .130 +1.14

2000 75 4.8 21.7 4.4 17 0.72

(Lot IV). mono ¢-8i 2¢13* 31.15 4.02 18.43 2.81 11.05 0.42
S6 modules %tdifference -58.7 -16.23 ~-15.08 -36.21 -35.01 -41.67
Anxual %edeerease/Increase -4.18 -1.16 -1.08 -2.59 -2.50 -2.58

*Values arc avereged from tested samples

The measured [-V curves for all the samples: were corrected
to STC and results for the modules with minimum and
‘maximum values of Prye in each lot are shown against the
nameplate data based curve in the fig. 2-5 as follows. The
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Fig.2. Comected 1.V curves for selected modules: from Lot [ samplas

three dots in each nameplate curve represent the nameplate
parameters. The reduction in basic electrical parameters can be

noted clearly from the curves for lot I, II & IV.
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Fig. 3. Comected LV cuirves for selected modules from Lot If samples
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B. Restlts and Guarantee conditions

The manufacturers normally provide a warrantee for 90%
Ppey after 10 years and 80% Pyy after 25 years of use
{3].[20]&{21] which means a 10% & 20% degradation, will be
considered normal after passing the time period mentioned
against them. A new practice has been seen in receal years
regarding the declaration of maximum power of a module. A
term minimum P, has been introduced in the nameplate in
connection with the guarantee [3]. [21). In our study the
difference between Py, and mintmum P, comes out to be
nearly 7% for Lot I & IV and 5% for Lot I however Lot I
module’s nameplate and datasheet does not contain any such
term. Some manufactures however meution 5% vanation
possibility i the Prux [3]. We chose to stay on the higher side
of tolerance (i.e.7%) for this particular study and the
degradation rates have been calculated using the 7% reduced
P, for the purpose of guarantee evaluations.. In addition a
3% measurement tolerance should also be considered for our
measured and comrected parameters {11]. [20]. Summary has
beea shown in table III.

TABLEM
SUMMARY (OF P urx AND ANNUAL VARIATION RATES
Description of lot Nominal Py; (W) z:"m';f“;::f‘;:; C‘""(‘\{f)" Pas m“(;?)““ decm:,‘;::fm(%)

" PPNHE Tles W :

e R R T N
e D I T T e
g;f:g’séos‘agi"}g‘ﬁi Warranted for 54 50 55.8 16 13
e I O T N

*Difference have been caleulated using min Py

Deviation trend lines have been plotted against the
warnantee line for each of the four lots of modules as shown in
fig. 6 below. The modules belonging to Lot I, II & IV could
not conform to the guarantees dué to excessive degradation.
Though the measured results shown for above meationed lots
are averaged from samples but even not a single module
among the samples performed withen the guarantee limits.

However modules from Lot Il performed well above
guarantee line, if compared with nameplate data showed
higher value of Py, (dotted line) even after 9 years of field
operation. As there 1s no evidence fiom the literature about the
increment in the power during lotig term operation in any
technology. so we: tried to look info the history of this lot for

details. Unfortunately there was no dama available for
individual modules, but some array data was available for the
moenth of August 2005, nearly 34 months after its installation.
The analysis of data showed that the output power of the array
in August 2005 was higher than nominal when corrected to
STC. It seems that lot Il modules were stabilized in their
initial months of operation at a value quite higher than
nominal (115-120%). There must be some: degradation after 9
years from the stabilized value but it is not possible to
determine the exact value at which modules were stabilized
due to unavailability of module-level measurements in that

period.

59
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Fiz. 6. Comparison showing aciual variations against werrntee for LOT I I T & TV modules

C. In connection with past researches

Taking into accouant the initial stabilization and degradation
of PV modules only a degradation sate of 0.7- 0.8% per year
il output power can satsfy the guaramtees. A reasonable
number of studies showed the degradation rates of the: order of
0.4-1% per year which can safely satisfy the guarantees
provided by the manufacturers {22])-[25]. However there are
many which does not fall in the acceptable range [18]. [26] &
[27]. The results for three lots of crystalline silicon (mono,
poly & mono) showed comparatively ligher order yearly
degradation rates. The average yearly degradation for Lot I I
and IV was 3, 2 and 3.9 % respectively even after considering
a 7% reduction tolerance in the nominal P,

D. Abowut degradation modes

Though the degradation mode analysis is beyond tiie scope
of this study. however all the samples under test were
carefully inspected visually for presence of any apparent
faults. The modules are being installed well above: the gronnd
and surrounding is well kept. There were no signs of bubbles.
cracks, delamination or hotspots. Additionally no rustling was
found in the connection boxes. The only visible defect found
was discoloring and yellowing in most of samples belonging
to the three lots of crystalline modules.

V. CONCLUSION & RECOMMENDATIONS

The crystalline modules degraded sharply violating the
warraniee boundaties, however a-Si modules showed excellent
performance over the period of operation. The modulsg were
installed 1n a safe environment and were under continuous
monitormg. even though the results were poor showing that
only proper care and maintenance cannot make the
performance better. The substandard performance <can be
chiefly attributed to the quality of modules and partly to the
hot and humid operating conditions. The detailed swudy of

reasons behind such higher order degradation in the modules

‘can reveal important facts, which can help making the PV

mstallations reliable and stable. Moreover the qualicy of
material and processing needs to be ensured at manufacturing
facilities to achieve reliability during operation. The
qualification standards may be improved for varymg climatic
conditions as well.
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