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Abstract: In this study, long-term reliability tests for high-power-density photovoltaic
(PV) modules were introduced and analyzed in accordance with IEC 61215 and light-
combined damp heat cycles, such as DIN 75220. The results indicated that post light
soaking procedure, light-combined damp heat cycles caused a 3.51% power drop, while IEC
standard tests (DH1000 and TC200) caused only 0.87% and 1.32% power drops, respectively.
IEC 61215 failed to assess the long-term reliability of the high-power-density PV module,
such as the passivated emitter rear cell. Additionally, based on the combined test, the
latent heat (Q,;,04) of the module was introduced to predict its degradation rate and to fit
the prediction curve of the product guaranteed by the PV module manufacturers. Q,,,4
facilitates in predicting a PV module’s lifespan according to the environmental factors of
the actual installation area. The Q,,,4 values of the PV stations in water environments, such
as floating and/or marine PVs, indicated that they would last 7.2 years more than those on
a rooftop, assuming that latent heat is the only cause of deterioration. Therefore, extending
module life and improving power generation efficiency by determining installation sites to
minimize latent heat would be advantageous.

Keywords: degradation rate; latent heat; lifespan of high-power-density module; light-
combined damp heat cycles

1. Introduction

Among the solar cell manufacturing technologies for high-efficiency solar cells, passi-
vated emitter rear cell (PERC) technology has attracted attention as a core technology. The
PERC was first proposed by the University of New South Wales in 1984 [1]. In 1990, a PERC
with 20% efficiency was first produced [2]. PERC technology allows solar cell manufactur-
ers to produce Al-BSF solar cells with high solar cell efficiency by simply adding several
processes to existing production facilities without large-scale capital investment. However,
PERCs using p-type wafers exhibit substantial degradation owing to light-induced degra-
dation (LID) [3]. The LID problem results in an extended time for the incorporation of
these cells into mass production. LID is a phenomenon in which the output of solar cells is
reduced by solar energy and sunlight, and degradation of the module occurs in the first few
hours of exposure to the sun. LID can be divided into boron-oxygen-complex-induced LID
(BO-LID) and light- and elevated-temperature-induced degradation (LeTID) [4]. BO-LID
is typically observed in boron-doped p-type wafers because oxygen penetrates the ingot
and combines with boron during the doping process. A single-crystal ingot is grown in a
silica crucible, which does not completely block oxygen diffusion. Therefore, BO-LID is
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more likely to occur in crystalline cells than in multicrystalline (mc) cells, which have less
structural contact with oxygen. BO-LID can be mitigated by irradiating ingots with light
sources, such as lasers, halogens, and LEDs, using light-induced regeneration (LIR) [5].
LeTID occurs when the combination of boron and oxygen is induced by light and heat [6].
After LeTID was discovered in p-type Czochralski (Cz) silicon solar cells in 2017 [7], it
was also reported in n-type float-zone (Fz) monocrystalline solar cells [8]. LID occurs
in both monocrystalline and multicrystalline PV modules [9]. The degradation rates of
multicrystalline modules, namely, mc-BSF and mc-PERC, increased with time [10]. In
contrast, monocrystalline modules, namely, Cz-PERC and cast-mono PERC, stabilized at
approximately 1.5% [11]. The LID in the multicrystalline PERC increased as the temperature
increased [12].

To alleviate LeTID, various methods, such as using the gettering effect, adjusting the
wafer thickness, and changing the firing temperature, have been attempted [13]. However,
the latest PV modules still experience LeTID [14] because they are likely to generate power
at high temperatures owing to their high short-circuit currents [15].

To a certain extent, LID can occur in monocrystalline solar cells. In particular, it is
highly likely to occur in PERCs [16], which have rapidly emerged as mainstream high-
power PV modules. TOPCon and HJT tandem solar cell technologies have been devel-
oped [17], both of which use phosphorus-doped n-type wafers [18]. n-Type TOPCon cells
offer high efficiency potential owing to their superior passivation [19], long lifespan owing
to the resistance of n-type Cz-Si wafers to metal impurities, and compatibility with existing
PERC equipment [20]. After LID testing, TOPCon and HJT tandem cells showed a 0.5%
power increase [21], while the power of P-type cells decreased by 5% [22].

The 2024 International Technology Roadmap for Photovoltaics (ITRPV) indicates that
PERX technologies, encompassing PERC, PERT, and PERL, will collectively capture nearly
40% of the solar cell market share in 2024. The share of n-TOPCON cells is expected to
increase steadily, reaching approximately 60% by 2031. In addition, BSF cells are expected
to become obsolete by 2025 [23].

Wafers gradually increased in size from M0. Currently, wafers between M6 and G12
are mixed in use; however, M10 wafers are expected to comprise the majority of wafers. One
module manufacturer recently introduced 700 W modules using G12 wafers. At present,
high-power modules formed by the partitioning and gathering of enlarged monocrystalline
solar PERCs are mainstream. This method is largely divided into shingling and gapless
methods, both of which show that the operating temperature is higher than that of normal
PV modules. Thus, the conditions for LeTID can be created more easily through the solar
cell arrangement method to increase the maximum output of the PERC module.

Although the manufacturing technology for solar cells and PV modules continues
to evolve, formal international standards for evaluating the lifetime of PV modules have
not yet been established. IEC61215-2, the representative test standard for PV modules,
maintained most of its specifications at the time of its enactment in 2006. IEC61215-2 has
only been revised to integrate individual test standards into one for thermal phenomena
that has been issued [24]. PV modules are products that combine various components [25].
Thus, rather than assessing each material-specific deterioration factor individually, long-
term reliability should be evaluated under complex test conditions. In this study, the
reliability test specifications of other industries are introduced, and a method for measuring
the lifespan of a PV module is proposed based on the test results.

2. Research Background

A typical test specification for evaluating the reliability of monocrystalline PV modules
is IEC 61215. This standard was established in 2006 and amended once in IEC 61215:2016.
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Another revision of the standard is discussed in IEC 61215:2019. A cyclic (dynamic) mechan-
ical load test (MQT 20), potential-induced degradation test (PID) (MQT 21), bending test
(MQT 22) for flexible modules, and LeTID detection test (MQT 23) were added, and the two
tests related to the nominal module operating temperature (NMOT) were removed. With
these changes, most of the contents regarding the temperature and humidity of chamber
testing, which can be used to evaluate the long-term reliability of a monocrystalline PV
module, remained the same. Module life is commonly guaranteed to be more than 25 years
because manufacturing technology has improved. Therefore, PV module manufacturers
have doubled and tripled the number of thermal cycling tests and high-temperature and
high-humidity tests in the IEC 61215 test standards to ensure the minimum output charac-
teristics of the module. There are also test standards similar to IEC 61215, such as UL1703
in North America and CQC in China. However, long-term reliability tests conducted
without considering the combined effects of UV radiation on polymer materials may not
be sufficient for assessing the life of PV modules. Even with the application of the revised
IEC 61215:2019, the performance and durability of a module is tested using a separate
LeTID detection test (MQT 23) along with IEC 61215 to evaluate the deterioration of PERCs.
Long-term reliability tests exist in many names, such as the Long-Term Sequential Test
from TUV Rheinland, KéIn, Germany; ATLAS 25 Plus from ATLAS, Austin, TX, USA; and
the Test-to Failure Protocol from NREL, Golden, CO, USA.

Table 1 compares the test conditions specified in the IEC 61215 and DIN 75520 stan-
dards. IEC 61215 mandates damp heat (DH) and thermal cycle (TC) tests. The DH test
exposes the module to a controlled environment of 85 °C and 85% relative humidity for
a duration of 1000 h. The TC test subjects the module to a temperature cycling regimen
between —40 °C and 80 °C, with TC200 requiring a total test duration of 800 h. Notably,
neither the DH test nor the TC test involved solar irradiation. DIN 75520 stipulates dry—
humid cycle tests. The dry cycle test subjects the module to a temperature range of 10 °C
to 65 °C, a relative humidity below 30%, and an irradiance level of 830 W/ m? for a total
of 360 h. The humid cycle test, in contrast, exposes the module to a temperature range
of —10 °C to 65 °C, a relative humidity above 50%, and an irradiance level of 830 W/ m?
for 240 h.

Table 1. Comparison of durability test conditions.

T Temp [°C] Humidity [%] Irradiance Time
est Condition AT Condition [W/m?] [h]
Damp Heat 85 - 85 N/A 1000
IEC 61215 .
Thermal Cycling —40-80 120 N/A N/A 800
Dry Cycle 10-65 55 <30 360
DIN 75220 830 I —
Humid Cycle —10-65 75 Condensation ~>50 240

2.1. IEC 61215

Example test results of a high-temperature and high-humidity test of a shingled
module made of PERCs are as follows: the test was conducted for 1000 h at 85 °C and 85%
relative humidity (RH) conditions after 5 kWh of light soaking, as shown in Figure 1.

The output degradation rates and the initial measured values were 2.48% and 0.87%
compared with the measured values after light soaking. As shown in Figure 1 and as listed
in Table 2, the results of the high-temperature and high-humidity test indicated a drop
rate of 0.87% after light soaking, and this result allowed the module to pass the test with
excellent performance.
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Figure 1. Measured results of the high-temperature and high-humidity test in IEC 61215 (85 °C, 85%
RH conditions, 1000 h).

Table 2. Measured data and output degradation rate of the high-temperature and -humidity test in
IEC 61215 (85 °C, 85% RH conditions, 1000 h).

Isc [A] Voc [V] Vpm [V] Ipm [A] Pm [W] Rate 1 [%] Rate 2 [%]
Initial 9.636 48.110 40.941 9.089 372.132 0.00 /
Light Soaking 9.610 47.817 40.583 9.022 366.116 —1.62 —0.00
DH500 9.469 48.112 41.002 8.903 365.046 —1.90 —0.29
DH1000 9.460 48.075 41.015 8.848 362.922 —2.48 —0.87
Thermal cycling tests were conducted after light soaking. The current was applied
only to the temperature-rise section with a temperature change of —40 °C to 80 °C. Rate 1
in Table 3 is the degradation rate compared to the initial measured value, and Rate 2 is the
degradation rate relative to the value after light soaking.
Table 3. Measured data and output degradation rate of the thermal cycling test in IEC 61215 (—40 to
85 °C, 200 cycles).
Isc [A] Voc [V] Vpm [V] Ipm [A] Pm [W] Rate 1 [%] Rate 2 [%]
Initial 9.636 48.066 40.950 9.078 371.741 0.00 /
Light Soaking 9.571 47.776 40.584 9.025 366.272 —1.47 0.00
TC100 9.548 47.830 40.431 9.005 364.058 —2.07 —0.60
TC200 9.573 47.863 40.123 9.008 361.427 —2.77 -1.32

After the test, Rate 1 and Rate 2 were measured, with values of 2.77% and 1.32%,
respectively. This implies that the module passed the test. A thermal cycling test was
designed to examine the durability of the PV module against stresses that occur owing to
repeated temperature changes. The I-V curves of the solar module, both before and after
light soaking, and the subsequent TC100 and TC200 tests are shown in Figure 2. A more
pronounced decrease in current was observed following light soaking than in the modules
subjected to the TC100 and TC200 tests. Although the TC test, as outlined in IEC61215, is
essential, the reliability evaluation of PERC modules necessitates the consideration of LID.
Thus, light soaking tests are imperative for a comprehensive assessment.
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Figure 2. Measured results of the thermal cycling test in IEC61215 (—40 to 85 °C, 200 cycles).

PERX technologies are currently widespread in the market [16]. Therefore, long-term
reliability under light-combined conditions should be evaluated rather than LID tests being
conducted separately. Thus, a reliability test standard for automobile manufacturers that
has long been tested with a combination of solar light, temperature, and humidity (DIN
75220) was applied to the PV modules.

2.2. DIN 75220

DIN 75220 is a testing standard established by the Deutsche Institute fiir Normung
(Figure 3). The test, which was created in 1992 and has been in use since then, ages
automobile components in solar simulation units using a solar simulator [26]. The purpose
of this test is to evaluate the long-term reliability of automotive interior components by
simulating the parts of the polymer material that are deteriorated by solar energy. Although
this test is often used to evaluate samples made of a single material, it can also identify the
interactions between each component of a sample made of various materials. Therefore,
this test is suitable for PV modules composed of various materials. The wavelength of the
artificial light source, which is the main component of DIN 75220, was defined differently
from that of the PV test standard.

100 Irradiance DIN75220
[
Window Glass Clar G ﬂ
z o0 | |
c Laminated Clear Glass Laminated f;
O 60 \ Clear Glass H
.2 “\\\ /’ ; \“‘ -~ I / A H
£ \\ / ‘ \ X 4 L
2 401 e e L " (
E \\\\ " Laminated Tinted Glass | B - /-,,/ i
20 Visible \\\ ”~ / N %
Rays - Vrgaminated Thermal Protection Glass Tinted Glass %
0-— T ——— — L
400 800 1200 1600 2000 2400
Wavelength [nm] Heat Absorbing Glass |

Figure 3. Reduced wavelength and solar radiation by type of glass [27].

Unlike the low-ferrous glass used in PVs, automobile glass uses reinforcing normal
flat glass; therefore, the wavelength and solar irradiation transmitted through the surface
reflection and absorption of the glass decrease. The reflection and absorption decreased
more in the ultraviolet region below 400 nm. The low-ferrous tempered glass used in the
PV module has a transmittance of approximately 92%, and the transmittance is increased to
approximately 95% in the visible light region using low-reflectance coating. If the combined
light test is applied to a PV module, the wavelength conditions should be strengthened,
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such as the outdoor conditions of DIN 75220 and IEC 60068-2-5 (Simulated Solar Radiation
at the Ground Level and Guidance for Solar Radiation Testing and Weathering). The DIN
75220 test standard was used to confirm the feasibility of the combined light test. DIN
75220 was divided into a cycle test (Z) and a long-term test (D), depending on the exposure
area. A long-term test was performed under six long-term light irradiation conditions
with 240 h of irradiation. The cycle test was conducted under repeated dry and humid
conditions, as shown in Figure 4. It consisted of outdoor cycle tests 1 and 2 and indoor
cycle tests 1 and 2.
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Figure 4. Temperature cycle of dry condition (left) and humid condition (right) in DIN 75220 [28].

In the PV modules, indoor cycle test 2 was applied among the cycle tests. It consisted
of a dry climate cycle, which took 24 h and was repeated 15 times, and a humid climate
cycle, which took 24 h and was repeated 10 times. The dry and humid climate cycles
consisted of the following steps:

Indoor cycle test 1—dry climate cycle

Daytime dry climate: 8 h

Nighttime dry climate: 3.5 h

Daytime dry climate: 8 h

Nighttime dry climate: 3.5 h

Room condition for inspection, re-building, maintenance: 1 h

Indoor cycle test 2—humid climate cycle

Nighttime frost climate: 5 h
Daytime humid climate: 12 h

Nighttime frost climate: 6 h

Room condition for inspection, re-building, maintenance: 1 h

The test conditions for the dry cycle were 10-65 °C, 30-55% RH, 830 W/m?, and 12 h
of irradiation time in each cycle.

Figure 5 shows the performance of the bifacial and shingled PERC solar modules
under accelerated aging conditions, as determined by the DIN 75220 test.

Figure 6 shows the chamber used for the IEC 61215 and DIN 75220 tests. This chamber
is capable of simulating solar irradiance (1 sun) and can adjust the ambient temperature
from —40 °C to +90 °C. It also has the ability to control relative humidity between 25%
and 80%. This chamber is used as a measuring device in KOLAS (Korea Laboratory
Accreditation Scheme) accredited testing, and it undergoes regular calibration once a year.
Table 4 summarizes the calibration results.
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|

Figure 6. Solar simulator chamber used for tests IEC 61215 and DIN 75220.

Table 4. Accuracy of the measuring instrument.

Setting Value Measured Value Indication Correction Uncertainty
40.0 °C/30% R.H. 29.2% R.H. 30% R.H. —0.8% R.H. 3.7% R.H.
60.0 °C/70% R.H. 69.6% R.H. 70% R.H. —0.4% R.H. 4.7% R.H.
80.0 °C/60% R.H. 58.1% R.H. 60% R.H. —1.9% R.H. 4.6% R.H.

25°C 26.5°C 25°C 1.5°C 1.0°C
60 °C 29.9°C 60 °C —0.1°C 14°C
90 °C 88.6 °C 90 °C —14°C 1.6°C

The DIN 75220 test was conducted after light soaking, and the electrical characteristics
were measured after dry and humid cycles, as shown in Figure 7.

Unlike the 2.48% drop rate of the high-temperature and high-humidity test and the
2.77% drop rate of the thermal cycling test, a higher drop rate with a value of 4.18% was
observed. Table 5 lists the measured data for DIN 75220 and the output drop rate.
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Figure 7. Measured data for DIN 75220.
Table 5. Measured data for DIN 75220 and output drop rate.
Isc [A] Voc [V] Vpm [V] Ipm [A] Pm [W] Rate1[%]  Rate 2 [%]
Initial 9.692 48.354 40.473 9.078 370.930 0.00 /
Light Soaking 9.674 48.318 40.229 9.025 368.349 -0.70 0.00
Dry 5 Cycle 9.664 48.219 40.017 9.136 365.593 —1.44 —-0.75
Dry 10 Cycle 9.595 47.982 39.213 9.143 358.517 -3.35 —2.67
Dry 15 Cycle 9.591 48.079 39.769 9.005 360.359 —2.85 —-2.17
Humid 5 Cycle 9.577 47.818 39.430 9.069 357.602 -3.59 —2.92
Humid 10 Cycle 9.564 47.797 39.211 9.008 355.419 —4.18 -3.51

Rate 1 in Table 6, which is the degradation rate compared with the initial measured
value, is 2.05% lower than that of the IEC 61215 reliability test listed in Table 2. Rate 2
in the table represents the degradation rate relative to light soaking, and the output is
approximately 2.72% lower than that in Table 2.

Table 6. Test matrix.

IEC 61215 IEC 61215 Difference
(DH) (TC) DIN75220  (pH-DIN)
Initial Power [W] 372.132 371.741 370.930 1.202
After Light Soaking B B B
Rate 1 [%] 2.48 2.77 3.59 1.11
Rate 2 [%] -0.87 -1.32 —-2.92 2.05
Final Power [W] 362.922 361.427 357.602 5.32

The DIN 75220 test, which simulates the environments of outdoor-parked vehicles
degraded by solar light, temperature, and hot and humid conditions, is more likely to affect
power degradation after light soaking than the high-temperature and high-humidity test,
which tests degradation owing to humidity under a high temperature for an extended time,
or the thermal cycling test, which evaluates the physical durability of the module through
shrinkage and expansion.
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3. Theoretical Model

The IEC 61215 standard presents limitations in accurately predicting the lifetimes
of photovoltaic modules. In contrast, the DIN 75220 standard offers a more analytical
approach. By subjecting the modules to accelerated stress conditions involving variations
in irradiance, temperature, and humidity, DIN 75220 enables a more comprehensive as-
sessment of module degradation. An energy balance model can be employed to accelerate
lifetime predictions by calculating the latent heat of the module based on the energy balance
of the system.

As shown in Figure 8, in photovoltaic modules, thermal energy is absorbed into
tempered glass or polymer or is caused by various factors such as thermal equilibrium, ther-
modynamic loss, and resistance loss. Latent heat, which is the thermal energy accumulated
in a PV module, is assumed to cause PV module deterioration in the actual environment.
The latent heat was obtained using the energy balance equation, and the degradation ratio
(DR,,04) was calculated.

Solar Input Reflection glass/air: f;=2.07 (%)

100%

Reflection polymer/glass: f;=0.09 [%)

Effective cell reflection: fs=4.35 [%]
Absorption in glass: f=0.88 [%)]

Reflection of interconnection: f3=048 [%]

Absorption in polymer: f;=4.99 (%)

l Thermalization: £;=29.13 [%] Electricity: 17.44 (%)

Below band gap energy absorption: fg=13.22 [%]

Collection losses: f5=3.13 [%)
Resistive losses (cell): f1,=1.10 [%)]

Resistive losses (interconnection):£,,=0.9 [%]  Thermodynamic losses: f,=22.22 [%]

Figure 8. Contribution of heat and reflection loss and the rate of PV energy loss [29].

Table 7 lists the parameters required to obtain the latent heat of a PV module. Module-
related data, such as the area, basic specifications of the module, absorption rate, environ-
mental data in which the module operates, measurement data of the module, and latent
heat, are required. The latent heat was calculated using Equation (1).

dT,
Ciod X dn;Od = Gin — Pout — Gour 1)

Table 7. Parameters for the calculation of latent heat.

Module Data Climate Data Operating Data
Dimension Irradiance Output data
Rating Ambient temperature Module temperature
Absorbance or reflectivity Relative humidity -

The left side of (1) shows the specific heat (C,,,4) and the change in temperature per
hour (T},,4) for the PV module. The values calculated using this formula are the latent heat
Qumoq and total heat energy remaining in the module [30]. The right side shows the total
energy incident on the PV module (g;,), excluding the amount of power generation (P,;;)
and heat loss (qou) of the PV module.

gin is obtained using the absorbance, solar radiation of the solar panel, and area of the
module. This represents the energy entering the PV module and can be expressed in (2).
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Apod is the area of the PV module, and R, is the reflectivity of the module. Reflectivity is
a measure between 0 and 1, which indicates the proportion of light reflected by a surface.
An object with a reflectivity of zero reflects all incident light, whereas an object with a
reflectivity of one absorbs all incident light.

Gin = Irtmeasure X Amod X Ryod )

P, .+ represents the output power of the solar module and is expressed by Equation (3).

Pour = (Pmax,STC - Ptemp) X <I7’I7;t211;zre> 3)

In (3), Pyax sTc is the power generation in standard test conditions (STCs). The reduc-

tion in the temperature of the module (Ppp) is subtracted from Py, s7c and multiplied by
the ratio of the measured insolation (I77ye4sure) to the insolation in STCs (Irrgtc).

Gout is the heat emitted from the module via convection. It can be obtained using the

thermal capacity of the module (C,,,; ), the convection coefficient (J), and the temperature
difference between the module and the atmosphere (AT) and is expressed in (4).

Gout = 0 X AT X Cypo4 4)

The thermal capacity of a PV module varies with the constituent material. In this study,
the general thermal capacity suggested by [30] and the thermal conductivity proposed
by [31] were used.

The latent heat, denoted as C,,,,; X dj;”;“" in Equation (1), is referred to as Q,;04- Quod

is calculated using Equations (1)—(4). We analyzed the extent to which it contributed to the
deterioration of the PV modules using the calculated Q,,,; and the measured results from
the DIN 75220 test.

The Q04 of the dry cycle was 991 W, and the Q,,,4 of the humid cycle was 1093 W.
The DIN 75520 standard prescribes a dry cycle of 240 h and a humid cycle of 120 h, both
under an irradiance of 830 W/m?. To calculate the energy balance model, the cumulative
solar irradiance incident on a solar module must be quantified. This necessitates the
conversion of irradiance from standard test conditions (STCs). In this study, the cumulative
irradiance under STCs is termed the irradiation time and is quantitatively determined using
Equation (5). The insolation times become 199.2 h and 99.6 h each if they are translated
into STCs using Equation (5).

Irr x Timer, x Cyclecount

)

Irradiation time =

Irr STC

Table 8 lists the irradiation time, degradation rate, and accumulated latent heat of

each process in DIN 75220. The accumulated latent heat and accumulated degradation rate

increase as the process progresses. This means that there is a correlation between the latent

heat and deterioration of the PV module. The hours for Q1oy and Qosy were calculated by

applying the average power generation time at the location tested, which is 3.05 h. The

degradation ratio of the PV module according to accumulated latent heat is represented in
Figure 8, and it was used to make a degradation equation.
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Table 8. Results for the degradation ratio of the PV module calculated using latent heat.
Irradiation Time [h]  Qyoq [W] Qr [Whi Deg;;i‘:i‘)"[‘%l{]ate Dﬁftriidf;:;“
Initial @ 0 - 0 0 1
QpmN drys @ 66.4 991 65,802.33 1.44 0.9856
QpN dry10 ® 132.8 991 131,604.7 3.35 0.9665
QpIN dry15 @ 199.2 991 197,407 2.85 0.9715
QDIN humids ® 249.0 1093 251,838 3.59 0.9641
QDIN humids ® 298.8 1093 306,269 418 0.9582
Qb 10y @ 11,132.50 1042 11,600,065.0 8 0.92
QpIN 25y 27,831.25 1042 29,000,162.5 17 0.83

Figure 9 shows the power output reduction due to latent heat at each stage using
the degradation rate of the module. DR;,,; point @ is the initial output when DR,,,; is 0
and there is no deterioration of the PV module. Points ), 3), and (@ are the degradation
rates after 5, 10, and 15 dry cycles each. Points () and (6) are the degradation rates after
5 and 10 humid cycles each. Points (7) and (8) are the deterioration rates 10 and 25 years
after installation guaranteed by the module manufacturers. Based on these results, (6) is
proposed, motivated by the sigmoid function [32]. To interpret the output of the PV module
with the latent heat remaining in the module, the output power ratio Py is introduced to

reflect the power performance of the module with time, and it is represented by (6) using

the coefficients in Table 9.
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Figure 9. Power output ratio using deterioration rate of PERC module.

(6)
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Table 9. Coefficients used for calculating output power ratio.

Coefficient Value
a —0.001916
b —0.7685
c 4.771
d 0.007
o 0.357

In (6), d is the ratio of the output of the PV module, which is reduced by light irradiation.
Because this varies with the PV module, coefficient « is used for compensation. The “a”
coefficient affects the degradation rate, and if it increases, the degradation rate of the
initial output increases. This coefficient is required because of the conditions that affect PV
module deterioration, such as high temperature and high humidity. “b” is the coefficient
that reduces degradation by wind speed and low ambient temperature. The “c” coefficient
affects the sensitivity of the graph. Here, “Q7” is a value obtained by integrating the latent
heat of the PV module over the period of PV module installation by taking the natural
logarithm of the heat quantity integration. The degradation rate of the PERC module due
to latent heat can be calculated using Equation (7).

The fitting accuracy of (6) is 0.0693 in terms of root-mean-square error. Equation (6) can
predict Pg by calculating the duration of module installation, the amount of insolation, and
the environmental data of the installation location. The accumulated heat can be calculated
by substituting (6) into (8) when Pg is known.

c
Qr =exp|———— ®)
ln( “Prradil b)
The lifespan of the PV module can be predicted using Q and is expressed as (9).
Quiod_lifetime (expected PV module life time) = % )
yr

When a power drop occurs during degradation, Qr can be obtained using (8), and
the expected lifetime of the module can be calculated by dividing by the amount of heat
accumulated per year. The lifetime of the module can be predicted by calculating Pr using
(6)-(9)-

Table 10 compares the installation environments of land-based solar power plants and
offshore solar power plants. It is observed that solar panels installed for marine PVs have
lower module temperatures due to the cooler ambient conditions. A natural environment
that is advantageous for the lifetime of a PV module can be predicted using experimental
data and this model. The deterioration rate was calculated by comparing the general
rooftop PV and marine PV systems with chamber experiments. DIN75220’s dry cycle result
was used as the theoretical lifetime. The data of the module installed on the rooftop of the
campus (37°32/29.1" N 127°04'46.7" E) were used as the lifetime of the PV on land, and the
data of the module installed in the sea of Gunsan (35°56'03.6” N 126°31/36.4" E) were used
as the lifetime of the marine PV.
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Table 10. Comparison of installation environments between land-based solar and marine solar PVs.

Roof Top PV Marine PV
Irradiation Time [h] 3.05 3.05
Ambient Temperature [°C] 15.98 14.64
Module Temperature [°C] 16.83 15.1
Relative Humidity [%] 41.31 41.28

Figure 10 shows the module and ambient temperature data from Gunsan and the
campus rooftop. Based on these data, the ambient temperature of the rooftop PV was always
1-2 °C higher than that of the marine PV, except in August, September, and November.
In addition, the module temperature of the rooftop was always higher than that of the
marine PV.

40 ~40

| Ambient Temperature(roof)
| Ambient Temperature(sea)
A - Module Temperature(roof)
35 | - A - Module Temperature(sea) 35

30 30

25

T
N
(&)

T
-
o

Ambient Temperature[C]
T
S

Module Temperature[C]

T
-
o

T T
o

. Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan.
Month

Figure 10. Comparisons of module and ambient temperature of Gunsan and campus rooftop (test site).

Figure 11 shows the calculated life expectancy of the PERC module used in the
experiment. To verify this, an initial power reduction experiment was conducted. PV
modules were installed outdoors for one week and six months to measure the reduction in
power owing to natural light. After one week, the output power decreased by less than
1%, and it was less than 2.7% after six months of the experiment. This output reduction
was caused by the initial LID. Therefore, the proposed model can reflect a reduction in the
initial power. In addition, the data presented by PV module manufacturers were validated,
confirming that the model can calculate short- and long-term output reductions.

Here, Qr of the rooftop PV system was higher than that of the marine PV system
owing to the characteristics of the module temperature. Thus, the latent heat in the module
accelerated the degradation of the PV module. The values obtained by the model match
the guaranteed output reduction value from the PV module manufacturers and 2-3% LID.
Marine PVs are expected to have a life expectancy approximately three years more than the
theoretical life expectancy, and four years more than rooftop PVs.
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Figure 11. Life prediction of PERC module according to installation location using thermal energy.

4. Conclusions

Long-term reliability tests of PV modules were conducted in accordance with IEC
61215 standards. However, IEC 61215 cannot properly assess the long-term reliability of
high-power-density PV modules, such as PERCs. The serial connections of the full cell
gradually decreased during the manufacturing process. Moreover, connections in series
and in parallel made by dividing and integrating solar cell methods, such as half-cut,
shingling, and gapless methods, increased. Therefore, the PV module operated at a higher
temperature than the full-cell module in the same environment. When the operating
temperature of a module increases, the life expectancy of the polymer material in the
module decreases, which can cause LID. However, to verify this, an LeTID test added
to IEC 61215:2019 was conducted. Because PV modules are manufactured using various
materials, each element can be evaluated individually. However, it is insufficient to verify
PV modules with temperature and humidity (damp heat, humidity freeze), temperature
change (thermal cycling), and light source and temperature (LeTID). A light-combined
damp heat cycle test should be conducted. The conditions for the light-combined damp
heat cycle test were set and tested similarly to those of DIN 75220.

In addition, it is necessary to verify whether this test induces the deterioration of the
PV modules with appropriate stress. The concept of Q,,,; was defined for this purpose.
The Q,,,4 formula can verify how the lifetime of a PV module changes depending on the
amount of latent heat possessed by the module. The accuracy of the fit of the life prediction
curve of the product guaranteed by the PV module manufacturers can be determined by
calculating the latent heat generated by the module according to the light-combined damp
heat cycle test. Using this Q,,,4 concept, the lifespan of a PV module can be predicted based
on the environmental factors of the actual installation area. By predicting the lifespan of
actual PV modules in rooftop and sea environments using Q,,,4, we determined that the
marine PV system could be used longer than the rooftop PV system, assuming that latent
heat is the only cause of deterioration. Therefore, module life depends on whether the
latent heat of the module is emitted. Because the temperature of modules in floating and
marine environments is lower than that of modules on land and rooftops, floating and
marine PVs can emit latent heat more easily. This is advantageous for extending the life of
the module and improving power generation efficiency.
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