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ABSTRACT Renewable energy has become more popular with the increase in the use of solar power. Consequently, the disposal of
defective and old solar panels is gradually increasing giving rise to a new problem. Furthermore, the efficiency and power output
decreases with aging. Researchers worldwide are engaged in solving this problem by developing eco-module technologies that restore
and reuse the solar panels according to the defect types rather than simple disposal. The eco-module technology not only solves the
environmental problem, but also has economic advantages, such as extending the module life. Replacement of encapsulants contributes
to a major portion of the module maintenance plan, as the degradation of encapsulants accounts for 60% of the problems found in
modules over the past years. However, the current International Electrotechnical Commission (IEC) standard testing was designed for
the commercialization of solar modules. As the problem caused by long-term use is not considered, this method is not suitable for the
quality assurance evaluation of the eco-module. Therefore, to design a new accelerated test, this paper provides an overview of EVA
degradation and comparison with the IEC and accelerated tests.
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1. Introduction

The amount of waste panels is gradually increasing,
and the generation of waste panels in the future is
expected to increase substantially due to the end of
active panels and the evolution of new PV panels,

In Fig. 1, the growth starts with 5% in 2020 (i e,
annual waste of 220,000 ton compared to 5 million
ton in new installations), However, it increases over
time to 4~14% in 2030 and 80~89% in 2050. In 2050,
5.5~6 million tons of PV panel waste is predicted in
comparison to 7 million tons in new PV panel installa—
tions,m

Supplied solar modules are certified by the Inter—
national Electrotechnical Commission (IEC) standards,
However, even in modules that have been certified
through the IEC test, many problems are constantly
found and has to be discarded before the end of the
warranty period,

The main failure modes found in silicon solar
modules are corrosion, delamination, discoloration,
cracks, and breakages, According to data reported by
NREL in 2017, the most common degradation mode in
modules used up to now was encapsulant discoloration
(45%) followed by delamination (14%), hotspots (11%),
fractured cell (9%), diode, and junction box (8%), and
glass breakage (4%). It can be seen that encapsulant
discoloration and delamination are major problems

accounting for 60% of the total failure modes, Thus,
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Fig. 1. Estimated cumulative global waste volumes (million t)
of end—of-life PV panels[1

waste panels can be prevented by planning an experi—
ment to analyze only encapsulant degradation, which
is one of the most common problems in recent times, 2

The encapsulant serves as structural support,
electrical isolation, physical isolation, and physical
protection from external harmful environmental factors
for the solar module‘m In addition, to allow sunlight
penetration into the solar cell, the encapsulant is
made of a transparent polymer, Materials used as
encapsulants include EVA, POE, TPU, PVB, PDMS,
and silicone, among which EVA is the dominant encap—
sulant in PV applications due to its low cost and high
thermal stability,H‘S] Figure 3 shows the percentage
of world market share in 2020 in each of the different
material categories, (6]

In order to design an accelerated test to evaluate

the solar modules, it is necessary to analyze the
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different material categories
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Fig. 4. Delamination in solar module

degradation of the encapsulant, which is a major
part of degradation, especially EVA, which is used
most, Therefore, in this paper, we intend to summarize
the research trends by reviewing the types, causes,
and test methods of EVA degradation and to suggest

future research plans,

2. EVA Degradation

2.1 Delamination

Encapsulant delamination can be divided into
encapsulation—glass delamination, encapsulation—cell
delamination, and encapsulant—backsheet delamination,
The type that occurs mainly is encapsulation—cell
delamination, Delamination occurs when EVA loses
its adhesive strength under high humidity and high
temperature conditions, especially around the ribbon, (78]
Delamination is critical to reliability and lifetime as
it increases the moisture penetration path and exposes
the cell to moisture, accelerating cell corrosion and
power loss, ) Delamination resistance can be analyzed
through adhesion measurements, and adhesion loss
can be calculated after stress is applied, This analysis
found that the UVAbs (ultraviolet absorber) additive

accelerates the exfoliation plfocess,[10J

26 Al-xHolHx|

2.2 Discoloration (Browning)

The main cause of power loss in crystalline silicon
PV modules is the reduction of short circuit current,
One of the mechanisms that can reduce short—circuit
current in this way is the discoloration of the en—
capsulant‘[n] Specialized Technology Resources, Inc,
(STR, formerly Springborn Laboratories) reported that
the observed EVA discoloration was the most severe
in modules deployed in areas with high operating
temperatures and high irradiation,m] According to
the study of G, Oreski et al,, the main cause of
discoloration is UV radiation and moisture exposure
combined with temperatures above 50°C which cause
changes in the chemical structure of the polymer,[ls]
UV light below 360 nm generates free radicals in
the presence of oxygen which cause photothermal
degradation of polymers,[m The photothermal degra—
dation of EVA eliminate acetic acid which are the
responsible chromophores for discoloration,us] The
degradation reactions of EVA are shown in Fig, 5,[14]
In general, the discoloration of EVA proceeds from

light yellow to dark brown and follows a sigmoidal
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Fig. 5. EVA photothermal degradation mechanism
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pa‘utern,I16I If discoloration proceeds, it prevents the
absorption of solar power, causing power loss, and
the heat dissipation is not smooth which makes the
operating temperature rise, accelerating the degradation,
Since discoloration accelerates in a sigmoidal pattern
until the critical point is reached, it is expected that
long—term life expectancy can be predicted by analyzing
the initial degradation rate and finding the threshold

point,

3. IEC Test

IEC 61215 specifies the requirements for design
qualification and type approval of crystalline silicon
modules for operation in general outdoor climates,
IEC 61215 divides tests as shown in the figure and
proceeds sequentially, Among them, the tests that
can affect the encapsulant are damp—heat test,
humidity freeze test, thermal cycling test, and UV
test, and each test condition is in Table 1,

This is insufficient time for evaluation of long—term

Table 1. Conditions of IEC 61215 test

Damp Humidity Thermal
heat test |freeze test| cycling test SN TS
T %
emp?ra ure 85 —40 ~ +85| —40 ~ +85 | 60%5
[l
Humidity
85 85 - _
(% RH]
UV irradiance
¥ - - - 15
[kWh/m’]
Time
1000 240 1200 -
(h]

use of solar modules, It is necessary to extend the test
time to proceed with certification or to redesign the
test in consideration of conditions that can accelerate

degradation,

4. EVA Accelerated Test Method and
Analysis

4.1 Damp Heat Test and Humidity Freeze
Test

Moisture is well known to cause problems with
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Fig. 6. Schematic of IEC 61215:2016 test
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polymers and adhesions, In particular, EVA has a

high moisture absorption rate, so moisture stability

. [17]

is poor,
Commercial product EVA has been found delamination

considerably from glass substrates after prolonged

immersion in an 85°C water bath or exposure to damp

(18] F. J. Pern et al, reported the mechanisms for

heat,
enhanced EVA adhesion during damp heat exposure are
attributed to follows: (1) An increase in the siloxane
bonding density via the smaller silane molecules of
cross—linking vinyl or dipodal silanes, (2) a presence
of hydrophobic fluorosilane, (3) a dominant use of vinyl
benzyl silane (with vinyl and hydrophobic benzyl),
and/or (4) a presence of low—concentration aminosilane
serving as a catalyst,[ls] The mechanism of damp
heat degradation in the paper reported by Xu—Ming
Shi et al, shows that acetic acid is generated as a
by—product,[lg] Acetic acid can accelerate degradation
because it promotes corrosion, According to a study
by C. Peike et al,, as a result of the damp heat test
for 2,000 hours at 80°C and 90°C, it was confirmed
that the series resistance increased and the slope of
Voc decreased due to grid corrosion by delamination
occurring only at 9O°C,[2O] Although the test was
conducted twice as long as the IEC test, degradation
did not occur at 80°C, and only at 90°C, It can be
seen that the condition of IEC test, 1,000 hours at
85°C, may not be sufficient for the degradation,
Humidity Freeze Test (HF) endures a DH condition

Table 2. Comparison of test conditions and acceleration factor

(85°C, 85% RH) for 20 hours, then cool down the
temperature cycle lasting 4 hours to —40°C and rises
back to + 85°C, A sequence of 10 cycles (10 days) is
required to meet IEC 61215 requirements.m However,
according to J.I. Hanoka et al.’s paper, there is no
noticeable power drops even after 75 HF cycles,m]
This test result also shows that the IEC test is
insufficient for analysis of degradation for long—term
use,

In order to test delamination, it is necessary to
provide moisture, maintain a high temperature for
a long time, or repeat the cycle many times with

various temperature conditions,

4.2 Thermal Cycling Test

Thermal cycling tests are usually conducted to check
for broken interconnects, broken cells, solder bond
failures, junction box adhesion, and module connection
failures,m] However John H, Wohlgemuth analyzed
the I-V measurement after conducting the thermal
cycling test, and found that Pmax decreased due to
the decrease of Isc,m] As a result of the thermal
cycling test repeated 550 cycles from — 40°C to 90°C
using a mini module, Pna.x decreased from 34,6 W to
26.6 W, but FF and Voc hardly changed, and only
Isc decreased from 7,39 A to 6.2 A, They concluded
that transmittance decreases due to the discoloration
of EVA after thermal cycling, resulting in a decrease

in current,

Temperature UV dose UV irradiance Test time Acceleration

[C] [kWh/m’] [W/n] [h] factor

TEC test 60£5 15 35.30 424,93 4-6
Hamsini 60.48 450 187 2406, 42 26.49
Gopalakrishna 76.82 450 187 2406, 42 47,95
et al. 84,87 450 187 2406, 42 63.03
Vincent Guiheneuf 50 99.60 600 166 84,99
et al. 50 99.60 2000 49,80 283.29
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The last IEC test (2005) did not match the results
in the outdoor environment, So, the updated Standard
IEC test (2016) has provisions for UV preconditioning
prior to thermal cycling and humidity freeze test,
According to M, Gagliardi's study, the module that
simulated the thermal cycling test after UV exposure
showed more pronounced EVA photolysis than the

2] Results

module that simulated without UV exposure,
revealed that the decisive cause of EVA photolysis
was UV exposure, And it can be seen that conducting
an experiment by combining temperature and UV was
a more desirable research direction as it obtained

similar results to the actual environment,

4.3 UV Test

The UV test is for analysis polymer problems such
as delamination of encapsulant, encapsulant loss of
adhesion and elasticity, encapsulant discoloration, and
ground fault due to backsheet degradation, According
to the IEC standard test, a total of 15 kWh/m” of
radiation is irradiated using a UV source of 280~385
nm at 60 £ 5°C, Accelerated tests have been projected
to withstand for 25 years or more under various
conditions, These conditions are set by some parameters
such as UV dose, materials, and temperature are
considered as variables,

According to a previous study, it can be seen that
degradation is promoted as the UV dose increases_[26‘27]
In addition, through the study of Vincent Guiheneuf
et al,, it was confirmed that even if irradiance is
different, if the total UV dose is the same, the degree
of degradation is similar,[%] Therefore, the degradation
test can be accelerated by increasing the UV irradiance,

It was confirmed that the power decreases as the
temperature increases during the UV test, and in
the study of M, A, Mikofski et al,, it was proved that
the transmittance of EVA decreased as the temperature

[29,30

increased during the UV test, ! That is indicated

that the discoloration of EVA accelerated in a high—
temperature environment and that it was the cause
of the decrease in output power,

The IEC test has only 4~6 acceleration factors by
continuous exposure, but the accelerated test can be
designed with a larger acceleration factor by controlling
the UV dose and temperature, The acceleration factor
according to irradiance is calculated by comparison
with 35,30 W/m2, the UV dose corresponding to
280~385 nm, which is the ultraviolet region of AM
1.5 G,[Sﬂ And the acceleration factor according to
the temperature is calculated by the Isc reduction
ratio of each temperature, in comparison with the
result at 60°C, which is the condition of the IEC test,
Table 1 shows the total acceleration factor calculated
by multiplying the median value of the acceleration
factor according to continuous exposure, the acceleration
factor according to irradiance, and the acceleration
factor according to temperature,

If the test is designed by controlling UV irradiance
and temperature, long—term life expectancy can be
predicted in a short period of time, However, if the
acceleration factor is set too large, it may show a
difference from the actual result, Therefore, it is
necessary that design the test by considering the
acceleration factor and similarity with the actual

result,

5. Conclusion

In order to solve the problem of increasing waste
panels, we have focussed at the encapsulation material,
especially EVA, which is one of the parts to be studied
intensively in the module technology, According to
previous studies, the main causes of EVA degradation
are known as moisture, heat, and UV, Specifically,
it was confirmed that moisture causes delamination,

and UV cause discoloration, However, through several
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studies, it can be seen that the conditions and test
time of the IEC test are insufficient to confirm and
analyze the degradation, To compensate for this, it is
necessary to add conditions that can accelerate the
test or increase the test time, The discoloration due to
UV, which is the cause of the decrease in output power,
can be accelerated by temperature and irradiance, By
controlling each variable and increasing the acceleration
factor, long—term life expectancy can be predicted
in a short time, However, to design an accelerated
test for the application to an eco—module, a more
accurate prediction of degradation and lifetime will
be possible by designing the test and analyzing it
under conditions similar to the outdoor environment
of each region, Therefore, future research should be
designed to enable long—term analysis in short time
by combining each acceleration factor affecting the
acceleration test and considering the similarity with

the results in the actual outdoor environment,
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