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Abstract: To support the bankability of PV projects, PV manufacturers have been offering one of the
longest warranties in the world, typically in the range of 25–30 years. During the warranty period,
PV manufacturers guarantee that the degradation of PV modules will not exceed 0.4–0.6% each year,
or the buyer can at any time make a claim to the manufacturer for replacement or compensation
for the shortfall. Due to its popularity, the performance warranty terms have become more and
more competitive each year. However, long-term PV operating data have been very limited and
bankruptcy of PV manufacturers has been quite common. Without a proper methodology to assess
the adequacy of PV manufacturer’s warranty fund (WF) reserve, the 25-year performance warranty
can become empty promises. To ensure sustainable development of the PV industry, this study
develops a probability-weighted expected value method to determine the necessary WF reserve
based on benchmark field degradation data and prevailing degradation cap of 0.55% per year. The
simulation result shows that, unless the manufacturer’s degradation pattern is significantly better
than the benchmark degradation profile, 1.302% of the sales value is required for the WF reserve. To
the best of our knowledge, this is the first study that provides WF reserve requirement estimation
for 25-year PV performance warranty. The result will provide transparency for PV investors and
motivation for PV manufacturers for continuous quality improvement as all such achievement can
now be reflected in manufacturers’ annual report result.

Keywords: PV industry sustainability; clean energy transition; PV warranty; PV degradation rate; PV
investment; bankability; IAS 37; expected shortfall; probability-weighted expected value; warranty
cost; warranty fund; risk management; quality improvement; IEC 61215

1. Introduction

Global photovoltaic (PV) installation has been growing rapidly in recent years. Of the
1.6 terawatt solar panels installed worldwide since 2000, more than 60% were installed in the
last 4 years [1,2]. Meanwhile, in pursuit of higher efficiency and lower cost, PV technology
has been undergoing constant changes. The industry-wide move from polycrystalline to
monocrystalline in 2018 [3], aluminum back surface field (Al-BSF) to passivated emitter
and rear contact cells (PERC) in 2019 [4], and the racing for ever-thinner wafers and
glasses [5,6] are just a few examples. In many ways, the market is always pressure-
testing PV manufacturers for their ability to produce more using newer and cheaper
materials. This brings about uncertainties in the quality and long-term performance of the
PV modules. The cell cracking issues as a result of thinner wafers [7] and the Boron-oxygen
light induced degradation (LID) issue of early PERC modules are two manifestations of
such uncertainties [6,8]. The wide range of reported degradation rates for grid-connected
PV systems also confirms this concern [9–15]. Figure 1 summarizes the development of the
PV market during the last 25 years [1,2,5,6,16].
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Figure 1. Global PV installation, module price, and technical development 2000–2023.

Power output degradation is a natural phenomenon of PV modules. Once installed
in the field, PV modules are subject to a variety of environmental stresses such as ultravi-
olet (UV) exposure, thermal cycling, moisture ingress, wind and snow loading, chemical
corrosion, and electrical stress, etc. These stresses cause the power output of PV modules
to decay over time. Table 1 summarizes the common PV module degradation and failure
modes [17–23]. Regardless of the cause of degradation, the performance warranty guaran-
tees that the sum of all degradation effects each year will not exceed the guaranteed cap.

Table 1. Common PV module degradation and failure modes (Note: Total degradation is the sum of
all effects).

Degradation and Failure Mode Common Cause of Failure Degradation Impacts
over 25 Years

Light induced degradation (LID) Increased minority-carrier recombination, Boron-oxygen defect 1.1~1.5% [17,18]
Glass anti-reflection degradation Durability issue of the anti-reflection coating <3~4% [19,20]

EVA discoloring EVA additive issue, UV exposure at high temperature <10% [19]
Potential induced degradation (PID) Sodium ion flow through front glass and shunt the solar cells Up to 30% [21]

Delamination Contamination, lamination process issue, environmental factors <4% [19]
Corrosion of cell metallization Moisture ingress following delamination >5% [22]

Broken cell, snail trails Thinner cells, poor handling of module, silver acetate ~10% [19,22]
Broken string interconnect Thermal expansion stress, stiffer ribbon, flexing due to wind ~10% [22]
Broken glass/loose frame High impact, hot spot, improper handling, misuse of support Up to 100%

Junction box failure Material defect, condensation of water within the box, detachment Up to 100%
Connector failure Insufficient current rating, water ingress, UV induced degradation Up to 100%

Various studies have suggested that the median degradation of PV modules is be-
tween 0.5–0.7% per year [10,22,24–30] with the addition of light-induced degradation of
approximately 1.1–1.5% in the first year when PV modules are first exposed to sunlight [17].
The same PV module can exhibit a very different degradation rate when installed in dif-
ferent climate zones [22,31]; and the variability in the degradation rate can increase with
time [32,33].
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The degradation of output has a direct impact on PV investment and the levelized
cost of energy (LCOE) [23,34]. Compared to zero degradation, a linear annual degradation
of 0.5% reduces total energy production over a 25-year period by 6.5% [35], while a degra-
dation of 0.7% reduces total production by 9.1%. If a greater-than-expected degradation
occurs in earlier years, the impact would be even greater.

To support PV bankability, most PV manufacturers provide 25–30 years long-term
performance warranty. During the warranty period, the PV manufacturers guarantee
that the degradation of PV module will not exceed 0.4–0.6% each year, or the buyer can
at any time make a claim to the manufacturer for replacement or compensation for the
shortfall. With this performance warranty, PV manufacturers provide an “insurance” to
PV investors for unexpected degradation. This has become extremely popular with PV
investors in recent years as investors face more uncertainties in the era when feed-in-tariff
(FIT) is cancelled in most markets. Due to its popularity, some PV manufacturers began to
compete on performance warranty by reducing the annual degradation cap, extending the
guaranteed duration, or both. This forces other manufacturers to follow, and as a result, PV
manufacturers just keep adding more and more exposure onto their balance sheets.

Table 2 summarizes the representative performance warranty term for monocrystalline
solar panels offered by top 6 PV manufacturers of 2022 whose combined global market
share is around 75% [36]. Three important observations can be made from Table 2: (a) The
average guaranteed degradation cap has decreased from 0.7% per year in 2018 to 0.504% in
2023. (b) New technology such as N-type or bifacial modules often come with the most
optimistic degradation cap (0.4–0.45% per year) and the longest warranty period (30 years).
(c) Even for the same model type (e.g., Jinko Cheetah, JA Solar JAM60S20, JAM72D40),
the guaranteed degradation cap can decrease over time. Considering the huge impact on
PV investment should this 25-year performance warranty become empty promises, it is
important to examine closely the techno-financial basis supporting this warranty.

Table 2. Representative performance warranty for monocrystalline solar panels offered by top 6 PV
manufacturers. Figures shown are the guaranteed annual degradation cap for respective products.
(Compiled from company warranty policy and product catalogue).

Product 2018 2019 2020 2021 2022 2023 Remarks

Longi Hi-MO1 0.55% 0.55% 0.55% 0.55% 0.55% 25Y
Trina TSM-DE18M(II) 0.55% 0.55% 0.55% 0.55% 25Y

Trina TSM-DEG18MC.20(II) 0.45% 0.45% 0.45% 0.45% 30Y, Bifacial
Jinko Cheetah 0.70% 0.60% 0.60% 0.60% 0.60% 0.60% 25Y
Jinko Tiger N 0.40% 0.40% 0.40% 0.40% 30Y

Jinko Tiger Pro 0.45% 0.45% 0.45% 0.45% 30Y, Bifacial
JA Solar JAM60S20 0.60% 0.55% 0.60% 0.55% 0.55% 25Y
JA SolarJAM72D40 0.50% 0.45% 0.45% 0.40% 0.40% 30Y, Bifacial

Canadian Solar KU Series 0.55% 0.55% 0.55% 0.55% 25Y
Canadian Solar CS1HA-MS 0.70% 0.60% 0.60% 25Y

Risen Energy RSM40-8-xxxMB 0.55% 0.55% 0.55% 25Y
Risen Energy RSM40-8-xxxN 0.40% 0.40% 0.40% 25Y
Risen Energy RSM72-6-xxxM 0.60% 0.60% 0.60% 0.60% 0.60% 25Y

Average 0.700% 0.575% 0.523% 0.513% 0.504% 0.504%

On the technical side, while one may expect that each new “recipe” must have un-
dergone extensive testing before being mass produced and guaranteed for 25–30 years,
in reality, the only common industry practice is to send 12 modules for qualification test
against IEC 61215 [37,38]. Being a one-time qualification test, IEC 61215 neither predicts
service life nor provides any continuous, quantitative estimate of the performance risk.

On the financial side, Table 3 summarizes the warranty fund (WF) provisions of the
top 6 PV manufacturers based on their financial reports which are publicly available as all
of them are public-listed companies (Note: The WF is a fund set aside by manufacturers to
pay future warranty claims). Again, three important observations can be made from Table 3:
(a) The total WF ratio (estimated by total WF provision/ last 4-year combined revenue)
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ranges from 0% to 0.88%, with two companies below 0.4% and the rest between 0.6–0.88%.
(b) While the revenue keeps growing at a double-digit rate, this is not the case for WF. In
fact, in 2021 most of the top 6 PV manufacturers set aside much less WF provision when
the industry-wide profit ratio is poor (see Figure 2). In the absence of a market standard,
the WF appears to have become an earning management tool [39]. (c) Half of the top 6 PV
manufacturers have a debt-to-equity ratio greater than 2. In case of warranty event, these
highly leveraged companies can experience financial stress testing.

Table 3. Top 6 PV manufacturers’ revenue vs. warranty fund (WF) reserve (Compiled from respective
company financial reports).

Rank Company
2020

Revenue
(‘000 $)

2021
Revenue
(‘000 $)

2022
Revenue
(‘000 $)

2020
New WF

(‘000 $/%*)

2021
New WF

(‘000 $/%*)

2022
New WF

(‘000 $/%*)

Total
WF

Ratio

Lever-age
Ratio

1 LONGi 8,003,399 11,866,899 18,914,679 53,998
(0.67%)

81,152
(0.68%)

116,748
(0.62%) 0.74% 1.24

2 Trina Solar 4,313,486 6,522,051 12,470,937 5857
(0.14%)

−386
(−0.01%)

26,214
(0.21%) 0.62% 2.12

3 Jinko Solar 4,935,419 5,948,624 12,122,592 34,923
(0.71%)

17,061
(0.29%)

93,970
(0.78%) 0.88% 2.96

4 JA Solar 3,789,812 6,055,976 10,702,258 14,488
(0.38%)

22,160
(0.37%)

51,028
(0.48%) 0.71% 1.40

5 Canadian
Solar 3,476,495 5,277,169 7,468,610 −18,146

(−0.52%)
7414

(0.14%)
31,531

(0.42%) 0.39% 0.45

6 Risen
Energy 2,355,351 2,761,103 4,308,610 −554

(−0.02%)
−930

(−0.03%)
−143

(−0.00%) 0.00% 2.68

* The figure in parentheses shows the provision of new WF in % of that year’s revenue.
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In 2022, the International Energy Agency (IEA) indicated in its special report that
“one-third of global PV manufacturing capacity is at medium or high risk of bankruptcy
and this could slow the pace of clean energy transitions” [40]. Although PV price was the
key bankruptcy risk driver in the IEA report, the tremendous growth of warranty exposure
during the last 2 years can further increase PV manufacturers’ bankruptcy risk.

Estimating the WF necessary for the 25-year performance warranty presents a unique
challenge for PV manufacturers. The traditional WF estimation method is mostly based on
a same “failure definition” that remains unchanged throughout the warranty period. The
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“failure rate” during the warranty period is also often assumed to be constant due to the
so-called “bathtub curve” theory [41]. However, for the 25-year PV performance warranty,
neither the “failure definition (each year’s warranty trigger)” nor the “failure rate (each
year’s degradation rate)” is constant. The problem is further complicated by the fact that
the degradation rate needs to be estimated based on a fleet of PV modules that is mostly
younger than 5 years with many different recipes and application environment.

Several studies have investigated the risk of performance warranty of PV manufac-
turers in recent years. In [38], the authors estimated the probability that the performance
warranty is triggered during its 25-year warranty period, given an annual degradation rate
distribution and assuming 3 different types of degradation mode during the 25-year period.
While the authors have incorporated different warranty trigger level throughout the 25-year
period, they focus on estimating the “failure rate (probability of warranty claim)” and did
not produce a monetary estimate of the WF. It also used predefined degradation modes
over the 25-year period, which can be restrictive, particularly if we need to update the WF
estimate each year based on actual degradation rate as required by international accounting
principle [42]. In [32], the authors have similarly estimated the “failure rate (probability
of warranty claim)” and assume that the degradation rate is normally distributed. Again,
the study did not produce a monetary estimate of the WF and the probability of war-
ranty claim is underestimated, as the authors did not consider the existence of the annual
degradation cap.

Other studies on PV reliability have focused mainly on the study of PV module failure
modes and degradation rates [10,24–31], the development of testing methodology [22,43,44]
and investment risk management [45–48]. To our knowledge, none of the literature to date
has proposed a method to assess the adequacy of WF of PV manufacturers. This study aims
to fill this gap by developing a probability-weighted expected value method to determine
the necessary WF for PV manufacturers based on benchmark field degradation data.

The contributions of this paper are the following:

• Develop a new method using Monte Carlo simulation and expected shortfall (ES) to
estimate, in monetary terms, the necessary WF for 25-year PV performance warranty
considering annual degradation cap.

• Adopt the benchmark degradation profile as the basis for WF estimation to avoid
selection bias and also to provide stability for the estimation over time, given the
portfolio nature of the benchmark degradation profile.

• The methodology proposed is in line with international accounting principles and
therefore provides a transparent and fair basis for comparison among the PV manufac-
turers.

• Provide a visualization summary of the top 6 PV manufacturer’s warranty terms and
their WF versus respective revenue and profit ratio based on extensive public domain
data research.

• Base-case and sensitivity analysis simulations to demonstrate the benchmark WF
requirement and key drivers of the WF.

The rest of the paper is organized as follows. Section 2 covers the materials and
methods of this study, starting with a review of the traditional WF estimation method,
followed by a description of the unique challenges for estimating the WF for the 25-year
PV performance warranty, and then the proposed methodology to tackle this problem.
Section 3 provides various case simulations using the methodology developed in Section 2.
The cases considered include: (a) base case using the benchmark degradation profile and
0.55% annual degradation cap, which is the mainstream degradation cap at the time of this
writing. (b) Sensitivity analysis of the base case considering variations in the degradation
profile parameters and the degradation cap. Section 4 provides discussions on the results
in broader context. Section 5 offers the concluding remark of this study.
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2. Materials and Methods
2.1. Review of The Traditional WF Estimation Method

For traditional product defects warranty, the WF is most commonly estimated using
Equation (1) [49]:

WF =
∫ w

0

(
1 − t

w

)
f (t)dt = F(w)− 1

w
E(t) (1)

where:

• WF = warranty fund
• w = warranty period
• t = failure time
• f(t) = probability distribution function of failure time
• F(t) = cumulative distribution function of failure time
• E(t) = expected value of the failure time

Equation (1) is based on the so-called linear pro-rata warranty (PRW) policy [49] where
the manufacturer will refund a fraction of the purchase price proportional to the remaining
portion of the warranty period, that is, (1 − t/w). This amount is then weighted by the
probability of claim at time t. The total warranty cost can then be derived by integrating
the above over the warranty period w.

The probability distribution function f(t) in Equation (1) can be any distribution, but
it must be known to the manufacturer. Most manufacturers assume a constant failure
rate during the warranty period based on the so-called “bathtub curve theory” [41]. This
implies that f(x) is of exponential distribution as per Equation (2).

f (t) = λe−λt, t ≥ 0 (2)

where the parameter λ can be estimated using the reciprocal of the product’s mean-time-to-
failure (MTTF) and the constant failure rate is as per Equation (3).

h(t) =
f (t)
R(t)

=
f (t)

1 − F(t)
=

λe−λt

1 −
(
1 − e−λt

) = λ (3)

where:

• h(t) = failure rate
• f(t) = probability distribution function of failure time
• F(t) = cumulative distribution function of failure time
• R(t) = survival function = 1 − F(t)
• λ = distribution rate and 1/λ = MTTF

From the above it can be seen that the traditional WF estimation method is built
upon the assumptions that (a) the “failure (defect) definition” is the same throughout the
warranty period and (b) the failure rate is constant and can be estimated with the product’s
MTTF which can be measured given a fixed failure definition.

2.2. Unique Aspects of PV Performance WF Estimation

The degradation rate of the PV modules is defined according to Equation (4)

DR =
(Pnominal − Pactual)

Pnominal
∗ 100% (4)

where:

• DR = degradation rate
• Pnominal = nominal or rated output of the PV module
• Pactual = actual module output measured under standard testing condition (STC)
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For 25-year PV performance warranty, PV manufacturers guarantee that PV module
degradation will not exceed 0.4–0.6% each year, or the buyer can at any time make a
claim to the manufacturer for replacement or compensation for the shortfall. As such, the
definition of “failure” is different each year. Using 0.55% degradation cap as an example, the
failure definition for year 1 is “degradation in excess of 0.55%”, for year 2 it is ”cumulative
degradation in excess of 1.10%”, and so on.

The changing “failure definition” throughout the 25-year warranty period means that
each year’s “failure distribution” will be different. Also, the “failure (degradation) rate”
changes each year due to different environmental stresses.

To solve this problem, in this study, we use a two-step approach:

1. Each year’s degradation rates are considered independent random variables: Once a PV
module is manufactured and installed in the field, environmental stress (weather) is
the biggest influencing factor of each year’s degradation rate, assuming maintenance
work is done in accordance with manufacturer recommendations. Since the weather is
basically independent each year, the degradation rate each year can be considered as
independent random variables. That is, if the degradation rate for years 1–3 are ∆P1,
∆P2, ∆P3, respectively, then ∆P1, ∆P2, ∆P3 are considered as independent random
variables in this study. The cumulative degradation of each year is the sum of the
current and all prior-year degradations. For example, the cumulative degradation for
year 2 is ∆P1 + ∆P2, and for year 3 it is ∆P1 + ∆P2 + ∆P3.

2. The values of each year’s degradation rate are sampled from the benchmark degradation
distribution that is representative of a portfolio of technologies: As each manufacturer has
many products which continue evolving, the degradation rate should be sampled from
a common benchmark degradation distribution that is representative of a portfolio of
technologies. Unless the manufacturer can demonstrate that its degradation pattern is
significantly better than the benchmark profile, the common benchmark degradation
distribution should be used as the basis of the WF estimation. This will avoid selection
bias and ensure stability of the WF estimate over time.

2.3. Benchmark Degradation Distribution

Figure 3 shows the benchmark degradation distribution used in this study, which is
reported in [24]. This distribution is based on nearly 2000 cases published in the literature
over the past 4 decades and the result is widely recognized in the PV industry. As can
be seen, the distribution in Figure 3 is right-skewed with a median degradation rate of
0.5% per year and with a range of around 4%.
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To ensure that the advances in technology and manufacturing are taken into account,
we consider the latest study by the same author in 2022 on 7.2 GW of utility scale PV
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fleet reported in [9], noting that at the system level, the annual degradation rate has a
median of 0.95% per year. As this degradation rate includes also impacts from other
components such as inverters, we consider that 0.95% per year would be a conservative
upper bound estimate of the degradation rate. Also, in view that the distribution in Figure 3
has quite few observations below the 0.3% bracket, we use 0.275% as a conservative lower-
bound estimate of the degradation rate. (Note: the choice of 0.275% instead of 0.3% is to
make the spread between “median − minimum” equivalent to 50% of the spread between
“maximum − median” to reflect the right-skewed nature of the distribution.)

The benchmark degradation distribution is then approximated using the PERT (or
Beta-PERT) distribution as defined in Equation (5) [50]

f (x) =
(x − xmin)

α1−1(xmax − x)α2−1

β(α1, α2)(xmax − xmin)
α1+α2−1 (5)

where β is the beta function and

µ ≡ (xmin+4∗xm.likely+xmax)
6

α1 ≡ 6
[

µ−xmin
xmax−xmin

]
α2 ≡ 6

[
xmax−µ

xmax−xmin

]
PERT is widely used in insurance risk analysis [50] and is defined by three parameters,

i.e., Minimum, Most likely, and Maximum. Based on the above, in this study the values
would be 0.275% (Minimum), 0.5% (Most likely), and 0.95% (Maximum). Using the PERT
approximation will provide some flexibility than directly sampling from Figure 3 as the
parameters can be verified and updated regularly based on actual field data. The parameters
are also intuitive for experts to estimate in the absence of sufficient field data.

2.4. Probability of Warranty Claim and Expected Shortfall (ES)

To estimate 25-year PV performance WF, we need to estimate, for each year, both
(a) the probability of warranty claim and (b) the expected claim amount given that a claim
has occurred (also known as expected shortfall, ES).

For the probability of claim part, the 25-year PV performance warranty allows the
buyer to make a claim to the manufacturer when PV module’s actual degradation exceeds
the guaranteed degradation cap. Using the 0.55% degradation cap as an example, a buyer
can make a warranty claim at each anniversary if PV modules’ actual output is less than
the guaranteed amount as per Equation (6) [51].

PActual < PNominal ∗ (1 − (2% + 0.55% ∗ (N − 1))) (6)

where N is the age of the PV module between 2–25. Equation (6) contains an extra LID
degradation allowance for the first year (approximately 1.1–1.5% according to [17]). If
we assume that this extra allowance is offset exactly by the LID, then Equation (6) can be
simplified to Equation (7) for years 1–25.

PActual < PNominal ∗ (1 − 0.55% ∗ N) (7)

The probability of warranty claim can be derived based on the cumulative degradation
distribution of each year and calculate the area for the portion of degradation that exceeds
the threshold per Equation (7). For example, suppose for a particular year the guaranteed
degradation cap is 0.55% and the actual degradation distribution for hundreds of PV panels
is as per Figure 4, then the area of the shaded region in Figure 4 represents the probability
of claim as these are the modules whose degradation exceeds 0.55%.
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For the ES part, since the degradation rates of PV modules in the shaded area in
Figure 4 range from 0.55% to 1.2%, each with a different probability of occurring, we need
an estimate of the expected degradation rate, given that the degradation rate is greater than
the cutoff threshold (i.e., 0.55% in the case above). This is a risk measure widely used in
financial risk management called expected shortfall and is given by Equation (8) [52,53].

ES = E(X ≥ Cuto f f ) (8)

ES represents “the average level of degradation, given that the degradation exceeds
the cut-off threshold”. For the purpose of illustration, suppose that in Figure 4 the area of
the shaded region is 0.2266 and the ES estimated by Equation (8) is 0.67%, then the WF
requirement of the year can be estimated using Equation (9):

WF = 0.2266 × (0.67% − 0.55%) = 0.0272% (9)

where:

• WF = warranty fund requirement
• 0.2266 = probability that degradation exceeds the cutoff threshold
• 0.67% = average level of degradation, given that the degradation exceeds the cutoff

threshold
• 0.55% = the cut-off threshold or the guaranteed degradation cap of that particular year

International Accounting Standard (IAS) 37, which is applicable to most public-listed
companies, requires that “warranty provisions be measured at probability-weighted ex-
pected value and be updated annually to reflect the current best estimate” [42]. Given that
in Equation (9) the expected warranty payment is weighted by the probability of warranty
claim and the estimate can be updated by adjusting the parameters of the PERT distribution
based on latest field data or results of accelerated testing [43], the method proposed above
is in line with the requirement of IAS 37 and would provide an objective and transparent
comparison basis among the PV manufacturers.

2.5. Monte Carlo Simulation

We can now estimate the 25-year WF using Monte Carlo simulation as shown in
Figure 5. The procedure can be applied at the company-wide level (using the benchmark
distribution profile and the weighted-average degradation cap) or to an individual product
(using the individual product’s degradation profile and degradation cap). The product-
level simulation can be used to help PV manufacturers evaluate the impact of new products
or understand the key drivers affecting the WF. In this study, we will consider the company-
wide level case as the WF is often reported on company level.
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Figure 5. Monte Carlo simulation procedure used in this study

In Step 1 of Figure 5, we will use the benchmark distribution profile as input, as we are
estimating the WF on company-wide level. In Step 2, the dominant degradation cap will be
used (alternatively, the weighted average threshold can also be used where the weight is
based on the sales volume). The simulation then starts with Module 1, drawing its Year
1 degradation from the benchmark distribution and calculate the end-of-year power output
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for later comparison with year 1’s degradation cap, then drawing the Year 2 degradation
and so on until Year 25. The procedure is then repeated for Module 2 to Module 1,000,000 to
derive the 25 cumulative degradation distribution.

With the 25 cumulative degradation distributions, the probability of claim and ES of
each year can then be derived through the method in Figure 4 and Equation (8). The 25-year
performance WF can be derived by adding up the 25 WF derived from Equation (9).

3. Results
3.1. Baseline Case

The first case we consider is the baseline case using the benchmark degradation profile
and the 0.55% annual degradation cap (which is the dominant degradation cap at the
time of this writing) to estimate the company-wide WF requirement. This will provide a
benchmark WF for all PV manufacturers unless the PV manufacturer can demonstrate that
its degradation profile is significantly better than the benchmark degradation profile.

Simulation of 1,000,000 iterations shows that the total WF required for the 25-year
warranty period is 1.302%. In other words, the benchmark company-wide WF ratio is
1.302% of total revenue.

Figure 6 shows the WF payout pattern during the 25-year warranty period. As can be
seen, the payout increases starting at year 2 and peaks at years 3–4, then reduces to a stable
value after year 10. The payout pattern in Figure 6 can be used as a reference schedule
for the release of WF over the 25-year period. When actual PV performance is better than
expected, excess WF can be released and become available to the manufacturer for other
use, creating a positive cycle. On the other hand, if the actual payout exceeds the value
predicted in Figure 6, it provides an early indication that the degradation profile is worse
than expected and the manufacturer should consider both finding the root cause of the
development and upward adjustment of the WF.
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3.2. Sensitivity Analysis

In this sub-section, we look at the impact of different median, minimum, and maximum
degradation values on the company-wide WF. The impact will be reviewed individually
with +/−10% changes from the baseline case, holding other parameters constant. The
results are summarized in Table 4.
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Table 4. WF estimate after changes in the median, maximum, and minimum parameters

Changes

WF Estimate after
Changes in Median

(Most Likely)
Degradation Value

WF Estimate after
Changes in Maximum

Degradation Value

WF Estimate after
Changes in Minimum

Degradation Value

−10% 0.412% 0.615% 1.230%
+10% 2.555% 2.085% 1.374%

The following observations can be drawn from Table 4:

1. Changes in the median degradation value have the largest impact on WF: If the
company-wide median degradation rate can be reduced by 10% (from 0.5% to 0.45%,
holding other conditions constant, including the annual degradation cap), the company-
wide WF can be significantly reduced from 1.302% to 0.412%. On the contrary, if
the company-wide median degradation rate increases by 10% (from 0.5% to 0.55%),
the required WF almost doubles and becomes 2.555%. The reduction in PV module
median degradation value often represents an upgrade in PV technology or manu-
facturing technique. If such an upgrade only applies to a particular product line, the
adjustment of median degradation value should only be made on a pro-rata basis. For
example, if a company has cumulatively sold 100 GW of PV modules and only 15% of
the modules represents new technology with a lower median degradation rate of
0.45%, then the appropriate median degradation rate to be applied for the simulation
should be 85% * 0.5% + 15% * 0.45% = 0.4925%.

2. Changes in maximum degradation value have the 2nd largest impact on WF: If the
company-wide maximum degradation rate decreases by 10% (from 0.95% to 0.855%),
the company-wide WF can be reduced by half to 0.615%. On the other hand, an
increase of the maximum degradation value by 10% would result in a 60% increase
in WF. Unlike the changes in the median degradation rate, the changes in maximum
degradation rate are an increase in the “spread” of degradation and are often a result
of quality control issue or application environment issue. For example, if the products
of a manufacturer are mostly sold to extremely hot and humid environments with
freezing temperatures in the evening, the manufacturer should consider using a higher
maximum degradation value for the simulation.

3. Changes in the minimum degradation value have the least impact on WF: For
+/−10% changes in company-wide minimum degradation rate, the company-wide
WF changes approximately +/−5.5%.

Based on the above, it can be seen that in order to keep the company-wide WF at
0.6–0.9% level (as 4 of the top 6 manufacturers do), the manufacturer must be able to have
a degradation profile that is significantly better than the benchmark degradation profile.
It should also be noted that the profit margin of most of the top 6 PV manufacturers are
consistently below 5%, a 10% increase in either the median or maximum degradation
value will wipe out the majority of most PV manufacturer’s profit. This demonstrates the
importance of having a method to estimate the WF and the importance of setting quality
control objective or warranty policy based on the result of the sensitivity analysis.

3.3. Reduction in the Degradation Allowance

We now look at the case where due to market competition the dominant guaran-
teed cap is further reduced from 0.55% to 0.525% per year. Holding other conditions
constant (that is, using the benchmark degradation profile), the simulation result shows
that this small reduction in guaranteed degradation cap will cause the WF to increase from
1.302% to 2.209%.

From Section 1 we note that the dominant (weighted-average) degradation cap will
soon reduce to the 0.525% level as new technologies such as N-type or bifacial modules
often come with most optimistic degradation cap (0.4–0.45% per annum) and PV module
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sale grew at exponential rate in recent years. In order to offset this impact, PV manufacturers
must be able to reduce the company-wide median degradation value from 0.5% to 0.465%.

4. Discussion

The 25-year PV performance warranty plays an important role for the bankability
of PV projects. Most PV investments are project financed with 70–80% debt which can
only be repaid using the future cash flow generated by the PV asset. Given the continuous
reduction of the global average auction price for solar energy (from USD 89.3/MWh in
2016 to USD 37.2/MWh in 2022) [54], the payback period for PV investment can now
easily exceed 15 years [55]. Ensuring the certainty of long-term future cash flow of PV
assets thus become a priority consideration for the banks to grant the loan. The 25-year PV
performance warranty is one critical pillar for ensuring the certainty of PV assets future
cash flow. As such, its credibility can have a huge impact on the overall financing cost and
thus the sustainable development of the PV industry.

The WF reserve is the capital buffer that provides the first line of defense for PV
manufacturers to honor their promises and absorb the loss due to warranty events. As
Table 3 and Figure 2 indicate, most PV manufacturers have very low profit margins and
many of them are also highly leveraged. This means that in case of warranty events it
will be extremely challenging for the PV manufacturers to raise additional debt to pay the
loss. As such, if the WF reserve is insufficient, a warranty event can quickly escalate to a
wide-spread credit event affecting tens or even hundreds of GW of PV assets.

To estimate the necessary WF reserve, we need to estimate, for each year, both (a) the
probability of warranty claim and (b) the expected claim amount given that a claim has
occurred. To the best of our knowledge, no literature thus far has proposed a method to
estimate the necessary WF for the 25-year PV performance warranty. Traditional warranty
fund estimation methods cannot handle this situation because for 25-year PV warranty,
both the “failure definition” and the “failure rate” are different for each of the 25 years.
The latest research on this topic in 2023 [38] and 2020 [32] also fall short on this as they
only estimate the probability of warranty claim without addressing the expected claim
amount part of the question. As a result, it can be seen from Table 3 that there has been no
consistency in WF reserve practice among the top 6 PV manufacturers. It can also be seen
from Figure 2 that the WF reserve appears to have become an earning management tool for
many of the PV manufacturers.

This study proposed a novel method to estimate the necessary WF reserve for 25-year
PV performance warranty. For the estimation of “the probability of warranty claim”, this
study assumes that the degradation rates of each year are independent random variables.
This is consistent with the fact that, once PV modules are manufactured and installed in
the field, environmental stress (weather) is the biggest influencing factor of each year’s
degradation rates and the weather is basically independent each year. This also allows
PV modules of different technologies and application environments to be evaluated on
a portfolio basis as we do not assume any fixed degradation pattern such as those in the
previous research [32,38]. For the estimation of “the expected claim amount given that
a claim has occurred”, this study makes use of the “expected shortfall” method to come
up with the measurement of the expected claim amount. This fills the research gap of
previous studies and with this measurement the necessary WF reserve for 25-year PV
performance warranty can be estimated by summing up the WF estimate of each year
produced according to Equation (9).

In this study, the values of each year’s degradation rate are sampled from the bench-
mark degradation distribution that is widely recognized in the PV industry and representa-
tive of a portfolio of technologies and application environments. The benefits of using this
benchmark degradation distribution are three-folds:

1. Avoid selection bias—Most PV manufacturers have many different products with dif-
ferent technologies. The same product model can be manufactured using different
bill of materials (BOM) or different tool settings over time. The application environ-
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ments for each sales contract can also be very different. Unless the manufacturer can
demonstrate that its degradation pattern is significantly better than the benchmark
profile, the benchmark degradation distribution should represent a best estimate of
the actual degradation profile on a company-wide basis. This would avoid selection
bias and also provide a common measurement basis for all PV manufacturers.

2. Ensure stability of the WF reserve estimate over time—The benchmark degradation profile
was based on nearly 2000 cases published in the literature over the past 4 decades. In
this study the advances in technology and manufacturing have also been taken into
consideration by capping the maximum degradation based on latest field measure-
ment data. WF reserve estimates based on the benchmark degradation profile will
therefore be more stable over time.

3. Updateable based on latest field data—International Accounting Standard (IAS) 37 re-
quires that the warranty fund provision “be measured at probability-weighted ex-
pected value and be updated annually to reflect the current best estimate”. If the
latest field measurement data suggests or the manufacturers can demonstrate that
the actual degradation profile has improved (or deteriorated), the benchmark degra-
dation profile can be updated to reflect the current best estimate of the WF reserve.
However, to ensure stability of the WF reserve, it is important that the key drivers
behind the improvement (or deterioration) be clearly analyzed when updating the
benchmark degradation profile. The key drivers should also preferably be confirmed
by accelerated aging test such as those per IEC 63209 [56,57].

Compared with previous results, this study not only produces an estimate for the
probability of a warranty claim but also the necessary WF reserve for PV manufacturers
to honor the 25-year PV performance warranty. This will provide motivation for the
manufacturers for continuous quality improvement as all achievement can be reflected in
the annual report. The transparency thus provided will also enable investors to make better
investment decisions thus supporting the sustainable development of the PV industry.

5. Conclusions

The 25-year PV performance warranty plays a key role for PV investment and bank-
ability. To ensure that it does not become empty promises, the techno-financial basis
supporting this long-term warranty need to be examined closely.

In this study, we develop a new method using Monte Carlo simulation and Expected
Shortfall method to estimate the necessary WF for 25-year PV performance warranty con-
sidering annual degradation cap. The simulation result shows that, unless the PV manufac-
turer’s degradation profile is significantly better than the benchmark degradation profile,
the necessary WF for the 25-year performance warranty is 1.302% of total revenue.

In this study, the degradation rates of each year are assumed to be independent
random variables. This is consistent with the facts that once PV modules are manufactured
and installed, environmental stress (the weather) is the biggest influencing factor of each
year’s degradation rates and weather are basically independent each year. The values of
each year’s degradation rate are then sampled from the benchmark degradation profile that
is widely recognized in the PV industry and representative of a portfolio of technologies
and application environments. This will avoid selection bias by the PV manufacturers and
also ensures stability of the WF estimate over time.

Sensitivity analysis indicates that a 10% increase in the manufacturer’s company-wide
median degradation value will almost double the WF requirement, while a 10% increase in
the maximum degradation value will increase the WF estimate by 60%. If the degradation
cap guaranteed by PV manufacturer is reduced from the prevailing 0.55% to 0.525% due to
market competition, the impact must be offset by a corresponding reduction of the median
degradation from 0.5% to 0.465%. Changes in median degradation are often due changes
in technology or manufacturing technique, whereas changes in maximum degradation are
often a result of quality control or the application environment.
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As a risk management measure, PV manufacturers should continuously monitor both
their field degradation data and the warranty payout pattern and compare them with the
expected payout pattern such as Figure 6. If the actual payout exceeds the value predicted
in Figure 6, it is an early indication that the degradation rate is worse than expected and
the manufacturer should consider both finding the root cause of the development and an
upward adjustment of the WF immediately rather than waiting until the accumulation of
risk is too high to correct. Also, when considering adjusting the degradation distribution,
it is important that the key drivers behind the improvement (or deterioration) be clearly
analyzed and confirmed by accelerated aging test such as those per IEC 63209 so that a
sound technical basis can be established for the adjustment. The adjustment and its basis
should also be clearly documented to ensure transparency.

For PV investors, the methodology proposed in this study will provide a transparent
basis to compare the sufficiency of the WF provisions among the PV manufacturers. This
will ensure better quality of the PV investment decision and thus support the sustainable
development of the PV industry and the global energy transition.
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