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1. Introduction

Numerous field failures are observed in photovoltaic (PV) mod-
ules that pass standardized design qualification and type approval
testing. Standardized tests are typically mechanism-specific and
only developed after the failure mode has caused extensive

trouble in the field. For example, technical
papers emerged in 1977 that showed PV
module susceptibility to system voltage
in humid conditions, presently referred
to as potential-induced degradation
(PID).[1,2] Methods for PID testing were
proposed in 1978 but not widely imple-
mented.[3] While some work continued in
thin film technology,[4] the phenomenon
was largely ignored until field failures with
various PID types were extensively
reported. The PID issue led to a great deal
of financial cost in the 2005 to 2015 time-
frame.[5,6] Field-relevant PID test methods
were agreed upon and standardized in IEC
62 804–1 in 2015[7] and incorporated into
IEC 61 215 qualification testing in 2021,[8]

which is 44 years after the first publications
about PID. Faulty products were produced,
shipped, and sold with many consumers
unaware of the issue. Other examples of
degradation modes discovered after exten-
sive shipments of PVmodules include light
and elevated temperature induced degrada-

tion (LETID), an important degradation mode in modules with
passivated emitter and rear contact (PERC) cells,[9–11] and crack-
ing of polyamide (PA) and certain polyvinylidene fluoride
(PVDF)-based backsheets.[12,13]

With the discovery of new degradation or failure mechanisms,
numerous tests were added to comprehensively examine these
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Combined-accelerated stress testing (C-AST) is developed to establish the
durability of photovoltaic (PV) products, including for degradation modes that are
not a priori known or examined in standardized tests. C-AST aims to compre-
hensively represent the sample, stress factors, and their combinations using
levels at the statistical tails of the natural environment. Acceleration factors for
relevant climate sequences within the C-AST cycle with respect to the Florida USA
climate are estimated for selected degradation mechanisms. It is found that for
degradation of the outer backsheet polymer layer, the acceleration factor of the
tropical climate sequence (the longest of the climate sequences) is f (T, G)= 17.3
with ultraviolet photodegradation; for polyethylene terephthalate hydrolysis
(backsheets), f (T, RH)= 426; for electrochemical corrosion (PV cell), f (I)= 14.1;
and for PbSn solder fatigue f (ΔT, r (T))= 17.3. Here, T is the module tem-
perature, G is the broadband spectrum irradiance on the plane of array of the
module, RH is the relative humidity on the module surface, I is the leakage
current through the module packaging, and r(T), the number of temperature
reversals. The methods discussed herein are generally applicable for evaluating
acceleration factors in other accelerated test methods.
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failure modes, making industry standards increasingly complex.
For example, the 2005 edition of IEC 61 215, “Crystalline silicon
terrestrial photovoltaic (PV) modules – Design qualification and
type approval” international standard contains 18 test proce-
dures,[14] whereas the 2021 edition contains 22 module quality
test procedures.[15] Following the creation of failure mechanism,
or mode-specific tests, additional and longer test sequences
based on these are invariably implemented to more extensively
evaluate durability[16] and aid in insurance pricing.[17]

Combined-accelerated stress testing (C-AST) was introduced
to evaluate PV module durability and more comprehensively dis-
cover additional failure modes.[18] C-AST has been extended to
other balance of systems (BOS) components including PV con-
nectors.[19] The purpose of C-AST is to evaluate both known fail-
ure modes and those for which mechanism-specific tests have
not been created. This is accomplished by stressing representa-
tive samples and achieving accelerated degradation by applying
multiple simultaneous stress factors at combinations and levels
derived from the statistical tails of the PV application in the nat-
ural environment over the major climates, as well as including
diurnal stress sequences such as freeze/thaw cycles. C-AST is
intended to quantify and reduce residual risk. This may include
risk when adopting new designs/materials, the risk from incre-
mental changes including using thinner cells or reduced metal-
lization for cost savings, and risks from the failure of critical parts
like an edge seal for moisture-sensitive PV cells which may
exhibit problems if a manufacturing process changes.[17] So
far, C-AST has been used for duplicating field failures in
failure-susceptible polyamide and polyvinylidene fluoride-based
backsheets,[20] potential-induced degradation,[21] light-induced
degradation,[21] connector failures,[22] and poor junction box con-
nections.[23] The C-AST protocol, which is agnostic to the mate-
rial or design being tested, is designed to objectively analyze
product durability. Considering the significant (US $151 billion)
international PV industry,[24] the present addressable risks
as well as the benefits of progress in reducing risks are
substantial.

The extent of acceleration that is achieved with C-AST has not
yet been clarified and is different for every mode and PV system
location. Here, we estimate how long one should test a product in
C-AST for the goal of relating the test and observed degradation to
the number of years in the field to achieve the same extent of deg-
radation for various degradation modes. We do this by estimating
the acceleration factors for various mechanisms, such as ultravio-
let (UV)-induced photodegradation of the outer polymer layer
(backsheets), hydrolysis of polyethylene terephthalate (PET) that
is used for the electrical insulation in many backsheet types, cell
electrochemical corrosion based on charge transfer through the
module packaging, Sn/Pb solder fatigue due to temperature
cycling, and degradation through cyclic loading such as from
windstorms.

2. Background

An acceleration factor is the ratio of the degradation or failure
rate during accelerated aging to that of field use. For example,
in the case of acceleration by temperature

AF ¼ RT1

RT2
(1)

where RT1 is the rate at test temperature T1 at which the
accelerated test is being performed, RT2 is the rate at the use
temperature T2. If temperature and other conditions acting as
independent variables causing the degradation or failure such
as irradiance (G) and relative humidity (RH), are also varying
during the period, the rate is considered as

R ¼ 1
N

XN
R T ,G,RHð Þ (2)

where rate over the whole period is the average of individual rates
with number segments of equal length N.

Some studies of acceleration factors for degradation of PV
modules and their components exist in the literature.
As background, theory-based analytical equations that are used
here are reviewed. Koehl et al. and Kimball et al. separately exam-
ined the acceleration of the 85 °C 85% testing condition in the
dark over the use environment.[25,26] Methodologies, review,
and examples for computing the degradation of PV module
materials are given by Kempe et al.[27] These authors gave a deg-
radation rate proportionality formula for PET, as measured by
degradation in mechanical properties such as embrittlement,
elongation to break, and rate to failure (reciprocal of time to
failure), as

RðT ,RHÞ ∝ e
�Ea
kT RHn (3)

PET material serving as a structural and electrical insulating
layer for many backsheet types has been well studied such that
the activation energy Ea and exponential factor for relative
humidity n have been determined to be 129� 6.7 kJmol�1

and 2, respectively.[27–29] The UV component that can cause
the degradation of PET is neglected here because a properly
made backsheet will typically contain UV absorbers or additional
protective outer layers that prevent damaging UV irradiation
from reaching the PET layer.

Examination of the acceleration with irradiation and tempera-
ture on the surfaces of backsheets was studied by Koehl et al.,[30]

on polymeric front sheets by Kempe et al.,[31] and in a compre-
hensive empirical study of various polymers by Fischer and
Ketola.[32] The degradation rate is given as

RðT ,GÞ ∝ Gx⋅e�
Ea
k⋅T (4)

where Ea is 38.5� 21.6 kJ mol�1 and x (the reciprocity coeffi-
cient) is 0.5� 0.21. The study also considered degradation in
aggregate of material parameters of yellowness index, UV cut-
on, UV-transmittance, and solar photon quantum efficiency-
weighted transmittance.[30–32] Humidity may or may not have
an important effect on degradation rate and is highly dependent
on the kinetics of a given degradation pathway. On average,
humid environment (Miami, Florida) increases degradation rate
by about 12% over the dry environment (Phoenix, Arizona) in a
survey of 50 polymer or polymer matrices (e.g., for cracking of
paints and coatings).[32] We do not have enough data for degra-
dation of any one specific PV outer polymer layer. Anticipating
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the average effect of humidity is relatively small or could even
slow down the degradation, the humidity effect is not included
in the acceleration with irradiation and temperature on the outer
surfaces of a backsheet.

Hacke et al. tested modules in humidity under system voltages
examining the leakage current from modules in Florida.[33] If the
rate of corrosion damage is assumed to be a function of total cou-
lombs transferred per perimeter length of module as proposed by
Mon et al.,[34,35] then the rate of damage to the cells is propor-
tional to ∫t I · dt, the current transferred over the time duration,
for a given voltage level in the cell circuit.

Module degradation due to thermal cycling may be calculated
using the equation developed by Bosco et al. for PbSn
solder bonds in conventional glass/backsheet modules with
polyethylene-co-vinyl acetate (EVA) encapsulant[36] based on
the well-established Coffin–Manson and Norris–Landzberg mod-
els and the calculated accumulation of inelastic strain energy
(damage) within the solder joint. The damage from specified
weather inputs is given as

D ¼ C · ΔTn · rðTÞbe –Q
kTmax (5)

where C= 239.9 Pa, n= 1.9, b= 0.33, Q= 11.58 kJ mol�1, and
ΔT is the mean daily maximum cell temperature change. The
temperature reversal term, r(T ), is the number of times the tem-
perature history increases or decreases across the reversal tem-
perature, T, over the course of a year.

Acceleration in mechanical loading needs more study to give
definitive acceleration factors. However, some studies show
typical frequencies of module oscillations are in the range of
10–35Hz.[37] Assuming a 24 h wind storm, e.g., a tropical storm
in Florida,[38] with a 14Hz resonance frequency that we mea-
sured,[39] about 1 209 600 cycles per day would result. The pres-
sure developed on the module varies with wind speed and
mounting, but 39.3 m s�1 has been reported to result in a
dynamic pressure of 1000 Pa[40]; however, these authors found
that similar pressure could occur in a nonuniform manner at
wind speeds of 20.7 m s�1.

3. Experimental Section

The C-AST equipment consists of a weathering chamber with four
6500W Xenon lamps (consistent with ASTM D7869[41] and
including CIRA infrared filters) used to apply up to
0.95Wm�2 nm�1 at 340 nm (1.9 suns, relative to the AM1.5 G
spectrum in IEC 60 904-3) full spectrum light on the faces of
six mini-modules connected to adjustable resistive loads and
7.5% (�2.5%) albedo on the rear achieved with aluminum reflec-
tors. Temperature and humidity controls in the chamber along
with the heating from the lamps produced module temperatures
between �40 and 90 °C, with relative humidity between 2% and
100%. System voltage up to 1200 V could be applied to the cell
circuit with power supplies (one each for þ and � polarity).
The resulting leakage current was measured on the voltage supply
side and aluminum foil tape was placed on the module perimeter
connected to the ground. For results presented in this work, mod-
ules were subject to�600 V system voltage exclusively during peri-
ods of illumination. The system for measuring leakage current

from modules in the field has been previously published[42]

and was implemented here. Mechanical pressure was applied with
pneumatic pistons. Further information about the equipment can
be seen in previous publications.[18,20,21]

The C-AST protocol was first introduced with the “Tropical”
climate test sequence based on ASTM D7869 standard with
PV-specific modifications including the addition of system
voltage and mechanical pressure as experienced by fielded mod-
ules.[18] When evaluating PVDF-based backsheets, it was hypoth-
esized and later confirmed that the Tropical cycle maintains
humidity levels producing a plasticizing (softening) effect such
that cracks did not form. Therefore, it was necessary to introduce
additional test sequences including those representing dry
climates. Introducing such additional climate sequences with
low relative humidity resulted in backsheet PVDF films that
became harder with a higher modulus of elasticity[43] and
cracking similar to that seen in field specimens.[20,44]

C-AST implements stress levels and combinations consistent
with those in the natural environment, to minimize the occur-
rence of false positive and false negative failures. A graphical
illustration of the protocol used in this testing is shown in
Figure 1. Detailed line-by-line recipes developed for C-AST have
also been previously published.[18,20]

In this work, we tested four cell mini-module laminates
(343mm� 370mm with glass front-sheet, ethylene vinyl
acetate (EVA) encapsulant, and a polyamide-outer layer back-
sheet using C-AST. The temperature was taken as the average
of two thermocouples on the rear. For quantifying the
humidity and to evaluate the hydrolytic degradation inside the
backsheet in the Tropical sequence, digital temperature and
humidity sensors were laminated internal to the functional
four-cell mini-module.[45,46] Encapsulant and backsheet
properties differ, therefore, this work must be considered as a
generic example. For comparison, humidity inside modules in
the field was calculated based on typical meteorological year
(TMY3) data.[27] In this work, for C-AST where conditions
change rapidly, 10 s measurement and integration periods were
used, whereas annual weather station data from Miami, Florida
with a 1 h interval data were implemented for analyzing the use
condition.

An acceleration factor analysis was performed for the
Tropical climate sequence of C-AST for the effects of 1) tempera-
ture and irradiance on the outer layer polymers, 2) temperature
and humidity effects on degradation of PET inner layer,
3) electrochemical degradation of cell materials based on
measured leakage current through the module packaging, and
4) thermomechanical fatigue based on temperature cycles.

For the High Desert sequence, temperature and irradiance
effects were considered for the degradation of the outer layer pol-
ymers. Thermomechanical fatigue based on temperature cycles
was also considered in the High Desert. The High Desert
sequence used desiccated air input specified as less than 5%
RH, so hydrolysis and conduction on the module glass were min-
imal such that hydrolysis of PET and electrochemical degrada-
tion processes were neglected. The Spring sequence was
relatively short with more than an order of magnitude lower deg-
radation rate because the peak module temperature is 50 °C less
than that of Topical and High Desert with half the level of irra-
diance. The Dead of Winter was performed at�40 °C in the dark,
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so acceleration factors were not evaluated for these sequences
performed at reduced temperature and irradiance.

4. Results and Discussion

Here, we show the results of the calculation and discuss the
acceleration factors for various PV module degradation mecha-
nisms for C-AST. These are hydrolysis of PET, UV degradation of
outer layer polymer, electrolytic corrosion, and thermomechan-
ical fatigue. Also discussed is cycling mechanical loading relative
to windstorms for the Florida USA.

4.1. Hydrolysis of PET

Degradation of the PET layer in backsheets by hydrolysis is
related to the temperature and the diffusion of moisture.
Figure 2 includes the module temperature and the module inter-
nal relative humidity that was measured by embedded sensors
under the backsheet[20,46] as well as irradiance on the module
for the tropical sequence in the C-AST cycle. The damage rate
as a function of temperature and relative humidity is given by
Equation (3) is shown. The trends in module internal relative
humidity (red line), temperature (blue line) and the resulting
damage rate (lower black line-hydrolytic damage) show that
during the periods when illumination by the Xe lamps is
off, moisture diffuses into the module. The damage rate is
the greatest when the module reaches the upper temperature
(90 ° C), but then trends downward as moisture diffuses out
under illumination with the module at the upper temperature.

For the determination of acceleration factor (Equation (6)), the
denominator was calculated using TMY3 data for Miami,
Florida with moisture diffusion modeling as in the study of
Kempe and Wohlgemuth[27] assuming open rack mounting
and latitude tilt, and the numerator was calculated using the mea-
sured internal humidity.

AFT,RH ¼
1
N1

N1P ðRHchamberÞn · e�
Ea

k·Tchamber

1
N2

N2P ðRHoutdoorÞn · e�
Ea

k·Toutdoor

(6)

Degradation was summed over the period of 1 year to deter-
mine AF= f (T, RH)= 426. The high number is associated with
both the high activation energy and the exponential dependence
on relative humidity. These results and those of the other calcu-
lations in this section are summarized in Table 1. By comparison,
the acceleration of the common 85 °C, 85% RH condition is on
the order of 5000 using the same analysis, where 2 days at 85 °C,
85% RH condition is sufficient to hydrolyze PET to the equivalent
of 25 years in Miami, Florida.

4.2. UV Degradation of Outer Layer Polymer

The acceleration factor for the combined effects of temperature
and UV radiation was analyzed for C-AST relative to the
Miami, Florida environment. The generic rate of degradation
is given in the form of Equation (4), giving the acceleration factor
in C-AST as

Figure 1. Illustration of the four stress sequences (climates) performed sequentially in combined-accelerated stress testing (C-AST). Undergoing the four
stress sequences in the order shown is defined as one C-AST cycle. Temperatures indicated as Tchamber (Tmodule).�600 V system voltage is applied to cell
circuit only when irradiation is applied. DML refers to cyclic dynamic loading to produce a radius of curvature that would be seen on a full-size module with
1000 Pa loading. SL is static loading with 2400 Pa equivalent. Adapted with permisson.[21] Copyright 2022, John Wiley and Sons.
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AFT,G ¼
1
N1

N1P ðGchamberÞx · e�
Ea

k·Tchamber

1
N2

N2P ðGPOAÞx · e�
Ea

k·Toutdoor

(7)

where Gchamber and GPOA are respectively the irradiance on sam-
ples in accelerated test and the plane of array of modules in the
field. An acceleration of 17.3 and 10.5 compared to the Florida
environment is determined for the Tropical and High Desert
sequences, respectively. The higher acceleration factor with

the Tropical cycle is because of the greater proportion of time
the module is at the maximum temperature (90 °C) with full irra-
diance (both 1.9 Suns at 340 nm).

4.3. Electrolytic Corrosion

Total coulombs transferred by application of system voltage per
unit perimeter length is compared between modules in the
Tropical climate sequence and in the field. The acceleration fac-
tor for electrolytic corrosion evaluated empirically by comparing

(T
, G

)
(T

, 
R

H
)

Figure 2. From top to bottom: measured leakage current from a mini-module in C-AST driving electrochemical corrosion, calculated UV damage rate of
exposed polymer material, calculated hydrolytic damage rate of PET, measured stress factors (temperature, internal relative humidity, and irradiance on
the module front surface) for the Tropical cycle in combined-accelerated stress testing.
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the current transfer over the course of 1 year is given as

AFI ¼
1
N1

N1P
Ichamber · Δt

1
N2

N2P
Ioutdoor · Δt

(8)

The acceleration factor was determined to be 14.1 for a module
with similar voltage level of 600 V in the cell circuit. A limitation
of the analysis is that C-AST modules had a pseudo frame made
with conductive pressure-sensitive adhesive Al tape on the glass
whereas fielded modules in Coco, Florida used for comparison
had a conventional aluminum frame around the glass, which
may lead to some differences in the charge transfer behavior.
While charge transfer is considered to be an indicator of electro-
chemical degradation processes such as corrosion, it is only con-
sidered an indirect indicator of the various other PID modes due
to factors such as thermal- and light-promoted recovery and the
because parallel current paths through the cell metallization are
not believed to cause PID-shunting and PID-polarization.

4.4. Thermomechanical Fatigue

Acceleration in thermal cycling is calculated according to the
method of Bosco et al., Equation (5).[36] The mean daily maxi-
mum cell temperature change for the High Desert and
Tropical sequences is from 90 to �20 °C yielding ΔT= 110 °C
and r(T ) is the number of transitions per year over the tempera-
ture of T= 56.4 °C. Using TMY3 data, the extent of damage by
thermomechanical fatigue over the course of a year is used to
determine the acceleration factors of 23.5 and 28.6 for the
Tropical and High Desert cycles as compared to Florida, as sum-
marized in Table 1.

4.5. Cyclic Mechanical Loading

Although long-term deflection data under windstorms for fielded
PV modules are lacking, we attempt to semiquantitatively com-
pare the extent of cyclic dynamic mechanical loading in C-AST to
that which would occur in windstorms. In C-AST testing, we
apply a total of 53 294 dynamic mechanical load cycles over
the course of implementing the four climates taking 53.5 days
or 1284 h. This compares to 50 400 cycles per hour for a strong

windstorm. Therefore, one cycle spanning the four climates of a
C-AST cycle approximates 1.06 h of strong windstorm with mod-
ule vibrations at fundamental resonant frequency of 14 Hz as
introduced above. To note, the pressure cycles in C-AST are with
unidirectional pressure. Resonant frequency bidirectional load-
ing for C-AST is in development.

4.6. Benchmarking to Field Failures

There are several examples of materials studied in C-AST
that also demonstrated field failure. For example, polyamide
(AAA, Isovoltaic AG) backsheets showed visible cracking around
the cell interconnect ribbons after about 120 days (0.33 years),
with large cracks characterized after about 184 days (0.5 years)
in the Tropical cycle.[47] In comparison, there are several reports
of polyamide (nylon)-based backsheets where macrocracking is
observed after 6–7 years in the field[48–50] in climates including
Nevada and Arizona (USA), and Southwest France. The FTIR
signatures in the field-aged samples are more similar to that
of C-AST-aged modules as opposed to direct exposure with
IEC 62 788-7-2 A3 condition (65 °C air temperature, 90 °C black
panel temperature 0.8Wm�2, nm at 340 nm and 20% relative
humidity).[43] This difference is most likely due to the use of
direct (greater) UV exposure of the backside as opposed to indi-
rect in C-AST. Furthermore, the spectral distribution of UV irra-
diation is such that the IEC 62 788-7-2 A3 condition and the
albedo from Al reflectors used in C-AST and in the natural envi-
ronment will all produce different spectral distributions and
damage rates. At the other extreme, thermal-oxidative degrada-
tion has been produced in AAA backsheet in accelerated testing
without including any UV irradiation component.[51,52] These are
good examples of how using acceleration rates that are too high
or not representative has the potential to produce different, non-
field representative failure modes. Assuming failure in 6 years,
the C-AST Tropical sequence empirically provides an accelera-
tion of approximately 18 for polyamide (AAA) for the Miami
environment.

PVDF backsheets, of a type that showed cracking in the field,
were examined in C-AST using the multiseason sequence. After
84 days (0.23 years) in continuous Tropical cycles followed by a
single cycle of the other climate types in the multiseason test-
ing, significant cracking of the backsheet was observed. In this
case, low humidity stress sequences applied after Tropical led to
embrittlement of the materials that finally manifested in
cracking.[20,43,53] This compares to field failures in this PVDF
material in 5–6 years in continental climates in the Americas
and Asia.[50] Assuming field failure in 5 years, the C-AST empir-
ically provides acceleration of about 20–26 for the PVDF failure
mode.

The aforementioned examples may be used to provide an esti-
mate for the acceleration factor for C-AST aging. Rates, such as
for solder fatigue, would vary depending on mounting configu-
ration such as close roof mount versus open rack and module
construction, where glass substrates lead to greater cell temper-
ature. Regarding hydrolysis of PET, the rate of damage in C-AST
is less than in the 85 °C, 85% RH damp heat condition, but large
compared to the terrestrial use of PV.[27] While the C-AST tropi-
cal sequence is more realistic, the large acceleration factor would

Table 1. Acceleration factors calculated for the combined-accelerated
stress testing sequences (high desert and tropical) over Florida
environment.

Degradation mode (stress factors)a) Acceleration factor

High Desert Tropical

Hydrolysis of PET (temperature and humidity) 426

UV degradation of out-layer polymers
(temperature and irradiance)

10.5 17.3

Electrochemical degradation (voltage bias,
temperature, humidity)

14.1

Fatigue of solder joints (temperature history) 28.6 23.5

a)Abbreviation: PET: polyethylene terephthalate.
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merit caution for false positives for materials with high activation
energies like PET. Regarding electrochemical degradation, the
acceleration factor is determined relative to field measurements
and should be representative of subtropical locations similar to
Cocoa, FL. The occurrence of surface salt (ocean-side location)
and particulate contamination (soiling) can facilitate charge
transfer[54] and would be expected to affect the site-specific accel-
eration factor. Further studies in the field to understand the
extent of wind loading and resulting oscillations and displace-
ment of modules will be beneficial to further clarify the accelera-
tion factors for testing.

5. Summary and Conclusion

An acceleration factor analysis was performed for C-AST, focus-
ing on the longer, higher-stress Tropical and High Desert
sequences by calculation and empirical means. The Tropical
sequence, by far the longest and dominating stress sequence
of the four-climate C-AST protocol implemented, was calculated
to provide an acceleration factor of 14.1 or greater for the four
degradation modes analyzed. Despite using more realistic stress
levels and combinations at the upper statistical tails of the natural
environment, acceleration factors in the 400 range for processes
with high activation energy can lead to false positives, but much
less so than the overly stressful 85 °C 85% RH condition. While
exact quantification of empirical acceleration factors between
chamber and field is difficult because the exact time of appear-
ance of the failure in the field is not certain, calculated accelera-
tion factors appear to agree with the benchmarking to field
failures.
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