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Abstract: Determining the lifetime of solar photovoltaic modules is integral to planning future
installations and ensuring effective end-of-life management. The lifetime of photovoltaic modules is
most commonly considered to be 25 years based on performance guarantees of 80% power output
after 25 years of operation; however, influences including climatic conditions, social behaviour, fiscal
policy, and technological improvements have the potential to prompt early replacement. Therefore,
this work aims to estimate the operating lifetime of photovoltaic panels more accurately in Australia
by considering a variety of technical, economic, and social reasons for decommissioning. Based on a
range of sources including government organisations, other policymakers, regulators and advisors,
energy suppliers, researchers, recyclers, and manufacturers, three lifetime models—power decrease,
damage and technical failures, and economic motivation—were developed and then weighted in
three scenarios to form overall views of panel lifetime in Australia. In addition, it was concluded that
the module lifetime will vary considerably between countries due to differences in market factors.
Therefore, these results specifically address Australia as most of the input data were sourced from
Australian industry reports and Australian photovoltaic systems and interpreted within the context
of the Australian photovoltaic market. However, the methodology of estimating lifetime based on
both technical and non-technical factors can be applied to other scenarios by using country-specific
data. With the popularity of photovoltaic technology beginning in the early 2010s and given the
practical lifetimes of 15–20 years found in this work, Australia will need to act swiftly within the next
three years to responsibly manage the looming solar panel waste.

Keywords: solar photovoltaic module lifetime; end-of-life management; circular economy

1. Introduction

Solar Photovoltaics (PV) has taken off quickly. The annual installation volume has
increased from 18 GW in 2010 to 183 GW in 2021 [1]. The PV industry just hit a new
milestone in March 2022: 1 TW solar panels have been installed on the Earth to generate
electricity directly from the sun [2]. Leading the world in PV installations per capita, the
Australian solar photovoltaic (PV) market has continued to increase at a significant rate
since the early 2010s, with the cumulated installed capacity expected to quadruple in less
than 10 years, reaching over 80 GW by 2030 [3]. With expected lifespans of 25 years, large
volumes of decommissioned panels are anticipated within the decade.

Predicting the lifespan of modules is important to ensure the effective management of
end-of-life (EoL) PV for many reasons. For example, knowledge of module lifetime can
assist in formulating waste projections, thereby informing the timeliness and location of
recycling facilities. More accurate annual waste projections can also improve the economic
feasibility of recycling because the operation is usually affected by the volume treated
every year [4]. Additionally, lifetime estimates can assist in predicting installation trends,
thereby providing an understanding of the installations required to achieve climate targets,
including net-zero emissions by 2050 [5]. Furthermore, an understanding of the lifetime
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can assist in predicting the availability of recycled resources and to what extent these can
contribute to manufacturing the required cumulative demand.

Within the literature, PV lifetime estimates are generally based on manufacturers’
warranty guarantees of at least 80% power output after 25 years of operation [6], meaning a
400 W rated module, for example, will be producing at least 320 W under standard testing
conditions after 25 years. Most life cycle and economic analyses of PV systems assume a
25-year lifespan [7–9], as well as waste projection studies in Italy, Mexico, the USA, Turkey,
and Bangladesh [10–14]. Mahmoudi et al. considered 30 years as the regular lifetime of
a PV panel and added it to historical PV installation data in Australia to predict future
waste volume generations [15]. The International Renewable Energy Agency (IRENA)
and the International Energy Agency Photovoltaic Power Systems Programme (IEA-PVPS)
considered two causes of end-of-life—early failure and system degradation. They modelled
two scenarios using the Weibull distribution. The average panel lifetimes of 26 and 28 years
were estimated for the early loss and regular loss scenarios, respectively. From these models,
IRENA and IEA-PVPS predicted that PV waste volumes will reach 78 million tonnes in 2050
and that global annual PV installation volumes will equal annual decommission volumes
in 2050 [16]. Even though the authors acknowledge their method and baseline assumptions
have uncertainties that will need to be refined as more real-world data become available,
this Weibull distribution method has been cited in subsequent research to predict solar
panel waste generation in Australia, Spain, and South Korea [17–19].

All these waste studies concluded that the current low PV waste volume will surge
around 2030, based on the 25-year average lifetime estimates. Recent industry reports
highlight that the actual PV module lifetime is much shorter than 25 years due to damage
and failures, as well as social and economic reasons [20–22], which were not considered in
IRENA and IEA-PVPS’s baseline assumptions. As reported by Tao et al. [23], an increasing
number of modules will reach their end-of-life earlier than expected because of damage
during installation or storms, component failures, or simply the economic incentive of
replacing older modules with higher-efficiency ones. However, currently, no lifetime
models have been developed to encapsulate these influences. Therefore, predictions of PV
waste are likely underestimated, meaning the amount of PV waste will increase at a faster
rate than expected.

The most referenced lifespan is the industry standard of 25 years. which is based only
on performance warranties with limited practical module performance and decommission
statistics. Other factors that affect the practical lifetime and decommission of solar panels
have been discussed qualitatively but not quantitatively. Addressing this gap in the
literature, this paper aims to develop new quantitative lifetime models to better estimate
the actual lifetime of solar panels to inform future waste projection. We used actual PV
system degradation data in Australia, practical lifetime reported by the Australian industry,
and literature assessing practical factors for early PV decommission to provide potential
views of the lifespan of Australian PV panels. The new models consider power decreases,
damage and technical failures, and economic motivation factors individually, as well as
various reasons combined. The overall lifetime models weight individual factors differently
for different scenarios, which may not only be applicable to forecast future solar panel
waste volume in Australia but also applicable to other countries to better predict the future
waste flow from decommissioned solar panels.

2. Background
2.1. Current Lifetime Estimates

Currently, there is no publicly available data in Australia or globally concerning the age
of PV modules when decommissioned; therefore, the actual operating lifetimes of modules
are unknown. However, within the sector, perhaps the best-regarded and most-referenced
estimate of a lifetime is given by IRENA and IEA-PVPS [16]. That 2016 report provided
the first global projections for future PV panel waste volumes to 2050. In estimating the
volume of future PV waste, IRENA and IEA-PVPS projected a regular loss scenario based
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on an average panel lifetime of 28 years, and an early loss scenario that considers ‘infant’,
‘mid-life’, and ‘wear-out’ failures shortening the average lifetime to 26 years. The Weibull
function describes the probability (%) of module decommission during the panel life cycle.
Both the regular loss and early loss scenarios were modelled with a Weibull distribution as
shown in Equation (1),

F(t) = 1 − e−( t
β )

α

(1)

where t is the time in years, β is the scale parameter, which is the 63.2 percentile of the data,
α is the shape parameter, and the average lifetime is the 50th percentile of the data [16].
The shape factor for the regular loss scenario is 5.3759 based on the degradation analysis
by Kuitche [24], in which power output data for five modules in the USA were linearly
extrapolated to 80% and then used to form a lifetime model. In terms of IRENA and
IEA-PVPS’s [16] early loss scenario, input assumptions drawn from the literature were
considered; however, the method of determining the shape parameter of 2.4928 is not
specified. For the scale parameter, both scenarios use 30 years. Figure 1 plots the Weibull
functions for IRENA and IEA-PVPS’s regular and early loss scenarios using the scale
and shape parameters defined above, and Table 1 provides the input assumptions on
‘infant’, ‘mid-life’, and ‘wear-out’ failures, which were used in IRENA and IEA-PVPS’s
early loss scenario.
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Figure 1. Regular and early loss projections of PV module lifetime, adapted from IRENA and
IEA-PVPS [16].

Table 1. Input assumptions and reasoning for IRENA and IEA-PVPS’s [16] early loss scenario, which
considers EoL due to damage and technical failures.

Probability of Loss Reasons

Within the first year: 0.5% Damage during transportation and installation phases

Within the first 2 years: 0.5%

Infant failures include:

• Light-induced degradation (observed in 0.5–5% of cases);
• Poor planning;
• Incompetent mounting work and bad support constructions;
• Failures within the electrical systems such as junction boxes,

string boxes, charge controllers, cabling, and grounding.

After 10 years: 2%

Mid-life failures include:

• Degradation of the anti-reflective coating of the glass;
• Discolouration of the ethylene-vi acetate;
• Delamination;
• Cracked cell isolation.

After 15 years: 4%

Wear-out failures include:

• Exponential increase in mid-life failures;
• Severe corrosion of cells and interconnectors;
• Microcracks.
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Regarding other significant bodies within the PV sector, including the National Re-
newable Energy Laboratory (NREL) in the USA and the Clean Energy Council (CEC) in
Australia, module lifetime is estimated significantly lower at 10–12 years based on reports
from industry experts [22,25]. Similarly, a scoping report conducted for the New South
Wales (NSW) Department of Planning, Industry, and Environment in Australia to inform
planning surrounding EoL PV management estimates lifespans of 15–20 years based on
expert, industry interviews [20]. Therefore, in the literature, there appears to be variation
between IRENA and IEA-PVPS’s [16] 30-year average lifetime and what the industry is
reporting, likely because IRENA and IEA-PVPS only considers technical reasons for EoL
and not socio-economic reasons, which can prompt early replacement.

2.2. Reasons for Decommissioning

IRENA and IEA-PVPS’s [16] regular and early loss scenarios only consider technical
reasons for decommissioning. Specifically, modules can reach EoL either due to a decrease
in power output from degradation or early damage and technical failures.

Discussions with those in the industry in Australia have indicated that within the
residential market, it is Government rebates and incentives and/or insistent salespeople
from solar companies prompting the early replacement of modules despite still being
technically sound [26,27]. As the Green Energy Market (GEM) [28] reports, “replacement
[of residential panels] is not necessarily because the solar modules have failed. Solar
modules [are] often still functioning quite well at 20 years of age, but replacements will
be spurred because households decide that they would be better off with a much larger
capacity system than was originally installed”, as both demand and electricity prices
increase. Additionally, replacements will very likely be of a full-system nature rather
than individual modules due to limited roof space and the relative ease of replacing small
systems [25].

An example of this in the Australian context is depicted in Figure 2 in which two peaks
in small-scale installation numbers occurred in 2011/2012 and 2020.
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Figure 2. Annual number of installations of small-scale systems in NSW, VIC, and QLD from
2007–2021 [29].

The first peak in 2011/2012 was promoted by the Federal Government’s introduction
of small-scale technology certificates (STCs), which reduced upfront residential PV costs by
approximately 30–40% [29,30]. Then the second peak in 2020 occurred when NSW, Queens-
land (QLD), and Victoria (VIC) introduced their first state-led rebates and interest-free loan
schemes [29,31]. These incentives allowed for the replacement of older systems with newer,
cheaper, and more efficient modules, therefore triggering the early decommissioning of
technically sound systems.

In addition to economics, there are additional social reasons for decommissioning,
including inappropriate installation location, damage from vandalism, renovations, battery
upgrades, and change in regulations [20–22,32,33]. Section 3.2.4 will explore an additional
lifetime model that considers these reasons.
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2.3. Considerations of Residential, Commercial, and Utility Systems

As discussed in the previous section, early replacement of residential panels is pri-
marily economically motivated. In contrast, as reported by an industry installer with over
10 years of experience, commercial and utility modules will most often be decommissioned
at damage or failure due to multiple reasons.

Firstly, as opposed to residential modules, these systems suffer less from space con-
straints and more from taxing full-system replacement, thus if expansion is desired, mod-
ules will be added, and if the system is underperforming, only affected modules will
be replaced [26]. Secondly, upon design, these systems are technically and economically
planned for a lifespan of at least 25 years, aligning with standard manufacturer war-
ranties, which guarantee panels will produce 80% of their rated output at 25 years. This
means commercial and utility modules are intended to remain in operation until reduced
power output. Thirdly, commercial and utility systems can be replaced based on eco-
nomic grounds; however, these consumers are more likely to be savvy and swayed less
by salespeople. Moreover, the current incentives in Australia for large-scale systems are
limited only to Large-scale Generation Certificates (LGCs), which encourage less premature
replacement of modules in comparison to the small-scale incentives discussed. This is
because LGCs do not provide any upfront discount on system costs nor do they allow for
the replacement of older systems [34].

As of 2021, in Australia, 50% of installed capacity is residential systems, 15% is
commercial, and the remaining 35% is utility-scale [29]. Figure 3 shows the majority of
utility systems have been installed since 2018, whereas the installation of residential systems
has been relatively consistent since 2010.
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3. Methods
3.1. Pedigree Matrix

There is a necessity to improve the existing forecasting models that only consider
the performance warranty and degradation from five experimental modules with a larger
real-world dataset to reassess key parameters in the lifetime model.

The following pedigree matrix (Table 2) was employed to assess the credibility of
sources and the given lifetime estimates.

Known reliable sources include IRENA and IEA-PVPS, NREL, and CEC. Sources
with clear reasoning include reasons for EoL, for example, a power decrease or economic
motivation, or a list of various reasons. A clear methodology involves an explanation of
the method utilised to determine the lifetime estimate and associated reason. Acceptable
methodologies include statistical analyses of performance and the market, as well as
interviews within the industry.
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Table 2. Pedigree matrix for assessing source credibility.

5 4 3 2 1

From a known reliable
source within the PV sector.

Provides an
estimate with clear

reasoning and
methodology, backed by

multiple, traceable sources

From a known reliable
source within the PV

sector. Provides a
defined estimate with
clear reasoning and

methodology

From a known reliable
source within the PV
sector or is referenced

by one. Provides a
defined estimate with
clear reasoning and

methodology

From a known reliable
source within the PV
sector or is referenced
by one or an academic

source. Provides a
defined estimate with

clear reasoning or clear
methodology

Provides a defined
estimate

In this work, to combine multiple sources, rankings from the pedigree matrix were
used. For instance, to form a distribution from two estimates with rankings 3 and 2, the
estimate from the former would be repeated three times and the latter twice (used in
Section 3.2.4). Similarly, when combining distributions from two sources ranked 3 and 2,
the former would be weighted 3/5 and the latter 2/5 (used Sections 3.2.1 and 3.2.3).

3.2. Development of Lifetime Models

There are three primary reasons for the decommissioning of PV modules in Australia:
Power decrease, damage and technical failures, and economic motivation. In this work,
lifetime models for each reason have been estimated. Both the power decrease and damage
and technical failures model provide lifetime estimates immune to the effects of market
imperfections (e.g., subsidies and government policies), similar to the net energy analysis
approach [35], whereas the economic motivation model estimates lifetime based on socio-
economic influences, aligning with Georgescu-Roegen’s [36] entropy law. These two types
of lifetime assessment are then integrated by weighting the models in three scenarios to
form potential overall views of panel lifetime in Australia.

Additionally, to consider a range of technical, social, and economic factors, a lifetime
model incorporating a variety of reasons was also explored. The following Sections 3.2.1–3.2.5
will provide insight into the development of the models.

3.2.1. Power Decrease Model

Modules that have degraded to 80% power output are commonly considered at
EoL [16,24]. In Kuitche [24], power output data for five modules were linearly extrapolated
to 80% and then fitted to a Weibull distribution. Similarly, Kumar et al. [37] fit failure data
from twenty modules to a Weibull distribution using the method of least squares.

In this work, to model the lifetime due to a power decrease, a similar methodology
utilised by Kuitche [24] and Kumar et al. [37] was applied to twenty-two PV sites in
Australia, Europe, and the United States [38–40]. Figure 4 provides a breakdown of the
sites in terms of location and the Köppen–Geiger classification [41].
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Although nearly half of the sites used in the model are from the USA, over 70% are
located in the same climatic conditions as the eastern side of Australia where the density
of solar installations is greatest. The performance loss rates (PLRs) from these sites were
linearly extrapolated to 80% power output and fitted to a Weibull distribution using the
method of least squares. Confirming the goodness-of-fit, the R2 value was 0.97 (Figure 5).
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Following this, to give regard to IRENA and IEA-PVPS’s [16] regular loss distribution,
it was combined with the above-mentioned power decrease Weibull to create a weighted
power decrease model. IRENA and IEA-PVPS [16] was weighted 5/11 and the power
decrease Weibull 6/11 (as discussed in Section 3.1).

3.2.2. Damage and Technical Failures Model

PV panels can become waste before reaching their estimated EoL targets of 25–30 years
due to damage and technical failures [16]. Reasons for early loss include damage during
transportation and installation, electrical system failures, as well as the degradation and
corrosion of components [16].

In this work, to model decommissioning due to damage and technical failures, IRENA
and IEA-PVPS’s [16] early loss assumptions were used to form a cumulative density
function (CDF) summing to 7% at 15 years. The following are the cumulative input
assumptions [16]:

• 1 year: 0.5% due to damage during transport and installation phases.
• 2 years: 1% due to bad installation.
• 10 years: 3%.
• 15 years: 7% due to technical failures.

3.2.3. Economic Motivation Model

As mentioned, economic motivation appears to be a major driver for panel replace-
ment, particularly in the small-scale market. Both Duran et al. [42] and Jean et al. [43]
have conducted an economic analysis of module lifetimes in the USA. Duran et al. [42]
conducted an eight-scenario sensitivity analysis of the economic replaceability of residential
panels considering the installation price, module efficiency, and compensation rate, and
assuming customers will replace when the new market offer has a positive Net Present
Value (NPV). The compensation rate refers to the rate at which consumers are compensated
for their solar PV generation. Jean et al. [43] undertook a Levelised Cost of Electricity
(LCOE) optimization analysis based on initial degradation rates for residential, commercial,
and utility-scale systems, considering improving the module cost and efficiency. Assuming
degradation below 1%, for optimal LCOE, all modules should be replaced at 15 years; how-
ever, for degradation above 1%, panels in residential systems should be replaced earlier at
10 years [43].

In this work, based on Duran et al. [42] and Jean et al. [43], a CDF function was created
to model panel lifetime assuming consumers will replace panels when it is economically
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beneficial, resulting in an average lifetime of 12–14 years. The following table (Table 3)
outlines the inputs, assumptions, and weighting for each CDF.

Table 3. Cumulative inputs, assumptions, and weighting for the two economic lifetime distributions
based on Duran et al. [42] and Jean et al. [43].

Source Cumulative Inputs Assumptions Weighting

Duran et al. [42]

• 5 years: 12.5%
• 7 years: 25%
• 10 years: 37.5%
• 11 years: 50%
• 12 years: 62.5%
• 13 years: 75%
• 18 years: 87.5%
• 19 years: 100%

• Modelled eight
scenarios and each
scenario is assumed
equally as likely.

2/4

Jean et al. [43]

• 10 years: 6%
(residential systems
with 1% degradation,
i.e., 12% of 50%);

• 15 years: 100%
(remaining systems,
including utility and
commercial).

• 50% of Australia’s
installed capacity is
residential [29];

• 0.8% module
degradation, with
12% of modules
above 1% [44].

2/4

3.2.4. Variety of Reasons Model

In researching EoL PV modules in Australia, many sources provide an overarching
estimate of lifetime giving multiple possible reasons for decommissioning. Rather than
specifying an estimate based solely on damage and technical failures, for example, these
sources will provide a list of reasons or only the estimate itself. In this work, to encompass
these sources, a Weibull distribution was fitted to the estimates, again utilising the least-
squares method. Ten sources and thirty-three weighted data points were used from a variety
of references including researchers, policymakers, regulators and advisors, recyclers, energy
suppliers, and manufacturers (Table 4).

Table 4. Average lifetime inputs and weighting for the lifetime model due to a variety of reasons.

Source Estimate Sector Weighting

WA Recycling [45] 7–8 years Recyclers 1
Curtis et al. [22] 10–12 years Industry 3

Mathur et al. [21] 10–12 years

Policymakers and regulators,
systems engineers, installers,
recyclers, energy suppliers,
representatives from Local

Government Areas (LGAs), and
Advocacy group

2

Wambach [46] 10–15 years Researchers 1
Reclaim PV [33] 15 years Recyclers 1

Florin et al. [20] 15–20 years Industry, researchers, and
government 2

Sustainability
Victoria [32] 21 years Government 1

Forti et al. [47] 22 years Researchers 1
Kang et al. [6] 20 years Researchers 1
First Solar [48] 25 years Manufacturers 1
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Seven of the ten sources are Australian references, thereby providing a greater repre-
sentation of lifetimes specific to Australia. Confirming the goodness-of-fit, the R2 value is
0.95 (Figure 6).
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3.2.5. Overall Lifetime Models

To provide possible overall views of panel lifetime in Australia, the three primary
reasons for decommissioning, power decrease, damage and technical failures, and economic
motivation were weighted in three different scenarios (Table 5).

Table 5. Overall lifetime model scenarios and the weightings of each reason for decommissioning.

Scenario Damage and Technical
Failures

Economic
Motivation Power Decrease

1 7% 70% 23%
2 7% 46.5% 46.5%
3 7% 23% 70%

The weightings for the scenarios were selected arbitrarily. Regarding the damage
and technical failures model, the original CDF (Section 3.2.2) based on IRENA and IEA-
PVPS [16], the single, most reliable source on decommissioning due to this reason, was
scaled to 100% cumulative density at 15 years, resulting in the following scaled cumulative
input assumptions (Table 6).

Table 6. Cumulative input assumptions for both the original and scaled damage and technical failures
lifetime models.

Year Original CDF Scaled CDF

1 0.5% 7%
2 1% 14%
10 3% 43%
15 7% 100%

Then, for all scenarios, the scaled model was weighted at 7% because the original CDF
totalled 7% at 15 years. Following this, the weighting of the other two models was varied to
provide a scenario in which economic motivation dominates, one in which power decrease
dominates, and one in which these reasons are equally split.

Scenario 1 aims to provide a lifetime model for residential modules in Australia. Eco-
nomic motivation is significantly weighted at 70% because, as discussed, residential PV
replacement in Australia is primarily consumer- and market-driven, estimating 70% of
decommissioning cases are due to Government rebates and incentives and/or insistent
salespeople from solar companies. Scenario 2 provides a ‘middle-ground’ lifetime model in
which both power decrease and economic motivation are weighted equally at 46.5%. In
Scenario 3, EoL due to power decrease is weighted highly at 70% and economic motivation
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at 23%. This scenario provides a lifetime model for commercial and utility panels, which
are most likely decommissioned when damaged or underperforming, rather than based
on current Government incentives and/or favourable market conditions. A Weibull dis-
tribution was then fitted to each scenario, which follows the same shape as IRENA and
IEA-PVPS’s [16] early loss.

4. Results
4.1. Power Decrease, Damage and Technical Failures, and Economic Motivation Models

Figure 7 provides the lifetime models due to three primary reasons for the decommis-
sioning of PV modules, and Table 7 provides the average lifetime for each model. We will
discuss these models in Section 5.
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Table 7. Summary table providing the average lifetime for the three lifetime models: Power decrease,
damage and technical failures, and economic motivation.

Lifetime Model Average Lifetime (Years)

Power decrease 24
Damage and technical failures 14

Economic motivation 14

4.2. Variety of Reasons Model

Figure 8 gives the fitted Weibull considering the ten sources and thirty-three weighted
data points, providing a lifetime model due to a variety of reasons with an average lifetime
of 15 years and β of 16 years.
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Testing of the Variety of Reasons Model

To test the lifetime distribution due to a variety of reasons, waste projections using the
model were calculated for South Korea, Japan, and Italy based on installation capacity from
1993 to 2019 [49–51]. These three countries were selected rather than Australia because
they are the only countries that provide decommissioned data in their IEA-PVPS National
Survey Reports. These reported data were then compared to the modelled waste projections
(Figures 9–11) [49–51].
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in Italy.

For Korea, the modelled decommissioning capacity for 2018 and 2019 matched the real
data within 10%; however, for both Japan and Italy, the modelled data were 10–150 times
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larger. Additionally, in comparison to IRENA and IEA-PVPS’s [16] projections, Japan’s
actual waste is 3 times less than the early loss scenario, and Italy’s is 5–10 times less than
the conservative, regular loss projection. Section 5.4.1 provides further discussion on
these findings.

4.3. Overall Lifetime Models

Figure 12 provides the three Weibull distributions fitted to each scenario with a
comparison between IRENA and IEA-PVPS’s [16] early loss curve and the lifetime model
due to a variety of reasons, and Table 8 provides the average lifetime for each model.
Appendix A provides the original weighted CDFs for each scenario before being fitted to
the Weibull function.
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Figure 12. Overall lifetime model in three scenarios considering EoL due to damage and technical
failures, economic motivation, and power decrease, with a comparison between lifetimes due to
a variety of reasons and IRENA and IEA-PVPS’s [16]’s early loss. Scenario 1 weights economic
motivation highly, scenario 2 weights both economic motivation and power decrease equally, and
scenario 3 weights power decrease highly. Damage and technical failures are kept consistent for
all scenarios.

Table 8. Summary table providing the average lifetime for the three scenarios, the variety of reasons
model, and IRENA and IEA-PVPS’s [16] early loss.

Lifetime Model Average Lifetime
(Years)

Scale Parameter
(β, in Years)

Shape
Parameter (α)

Scenario 1 15 17 2.4928
Scenario 2 18 20 2.4928
Scenario 3 20 23 2.4928

Variety of Reasons 15 16 3.8456
IRENA and IEA-PVPS

Early Loss [16] 26 30 2.4928

IRENA and IEA-PVPS
Regular Loss [16] 28 30 5.3759

5. Discussion

The following Sections 5.1–5.4 provide a discussion of the lifetime models presented in
Sections 4.1 and 4.2, including a comparison between existing literature and other sources of
reference, as well as limitations. Additionally, the two comprehensive models, a variety of
reasons, and the overall lifetime will be compared in Section 5.5, and the overall limitations
of this work will be addressed in Section 5.6.

5.1. Power Decrease Model

The power decrease model developed in this work has an average module lifetime
of 20 years. This differs from the long lifetime of 30 years determined by Kuitche [24],
which is used in IRENA and IEA-PVPS’s [16] regular loss situation. This variability is likely
due to differences in the degradation analysis. IRENA and IEA-PVPS’s [16] regular loss
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distribution analyses the degradation of individual modules, whereas the data utilised
in this work were measured at the system level, which captures both individual module
degradation, as well as system-level losses (e.g., wiring, mismatch). Our model provides
similar average lifetime values to Jordan et al. [52], Bolinger et al. [53], kWh Analytics [54],
and NREL [55] who found average lifetimes of 17–27 years by applying a robust time-series
analysis to measure degradation on a fleet scale. In particular, kWh Analytics [54] have
access to 30% of the solar assets in the USA and NREL [55] studied 503 US systems, which
provides further confidence in their results.

5.2. Damage and Technical Failures Model

In our damage and technical failures model, we adapted the assumptions used in
IRENA and IEA-PVPS’s [16] early loss scenario. These assumptions were difficult to verify
due to the limited availability of quality references on this topic. Though sources from
the industry in Australia were explored, in particular statements from the solar company
Proven Energy [56], as well as the CEC [25], the estimates provided are in qualitative terms.
For example, Proven Energy [56] states, “[they] commonly take down faulty panels less than
6 years old,” and the CEC [25] reports, “households often remove . . . panel[s] prematurely
around the 10–12-year mark . . . [with] the common reason [being], if some part of the . . .
panel system gets damaged it requires the whole system to be replaced.” Additionally,
Coghill [27] estimates that 30% of decommissioning cases are due to panel damage or
technical failures. These estimates are difficult to include in our model because they are
numerically imprecise and/or comment on a limited dataset. To be able to incorporate
real decommissioning data into this model, it would be necessary to analyse all modules
installed in 2010, for example, and the proportion of which reached EoL in each year
following due to damage and technical failures. However, at this time, such data are
not available.

5.3. Economic Motivation Model

The economic motivation model described in this work weights two other studies,
each of which has its own set of assumptions and limitations. Both studies assume a
rational, economically inclined customer who will replace modules when it is economically
beneficial, as well as being based on uncertain market predictions. Additionally, because
it is based on the PV market, this estimate will be best applied to current conditions and
cannot necessarily estimate future lifetimes. For example, as mentioned in Duran et al. [42],
the phaseout of the current incentive in the USA will cause a slowdown in early replacement
behaviour, perhaps even to a discontinuity of installations in 2022. Furthermore, this model
is based in the USA, so the assumptions may not be transferrable to the Australian PV
market. However, compared to Australian estimates, according to a modelling report by
GEM [28], the Clean Energy Regulator (CER) replacement of small-scale systems from,
“2011 to 2013 will emerge as a new source of sales in this decade [the 2020s]”. This estimated
lifetime between 7 and 19 years aligns with Duran et al.’s [42] 5–19-year estimate.

5.4. Variety of Reasons Model

The variety-of-reasons model estimates an average lifetime significantly lower than
the 30 years used in the IRENA and IEA-PVPS [16] early loss scenario. This variability
is likely because IRENA and IEA-PVPS’s [16] model only applies early loss assumptions
due to damage and technical failures to the regular loss model, which solely considers
degradation. Therefore, there is no representation of the effects of economics, policies,
and incentives on EoL. In contrast, the variety-of-reasons model described in this work
combines expert opinions on the average module lifetime, where each expert considers all
such effects.
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5.4.1. Testing of the Variety of Reasons Model

The significant variance in the results between the three countries indicates the module
lifetime will likely vary depending on the market. For example, factors including mar-
ket age, as well as the breakdown of residential, commercial, and utility-scale systems,
will affect the average lifetime. This variety-of-reasons distribution is modelled around
Australia’s young PV market, which is similar to Korea; however, it does not encapsulate
the high proportion of utility systems in Japan and Italy, which would likely increase
the estimated lifetime (as discussed in Section 2.3). Currently, in Australia, over 65% of
the installed PV capacity consists of residential and commercial systems, therefore this
lifetime estimate reflects this market breakdown [29]. Thus, whilst lifetime projections
including both the early and regular loss distributions given in IRENA and IEA-PVPS [16]
provide generalised estimates, country-based estimation of PV module lifetime will be
most accurate.

5.5. Overall Lifetime Models

Compared with the variety-of-reasons distribution, Scenario 1 aligns most closely,
implying that, currently in Australia, module EoL is driven by economic motivation. This
is supported by Florin et al. [20] who estimates distributed systems (77% of which are
residential) will be responsible for nearly 90% of all PV waste in Australia in the next
5 years. However, utility-scale capacity is projected to grow, and by 2035, the waste from
utility-scale solar increases so that distributed systems are ~60% of waste and utility-scale
~40% [20]. Thus, in 15 years, module decommissioning in Australia may align more closely
with Scenario 2, which considers EoL due to economic reasons and a power decrease as
equal contenders.

As Scenarios 2 and 3 weight both the power decrease and damage and technical failure
models higher than the economic motivation model, these scenarios are more likely to be
applicable in other countries as they are less affected by the influences of the Australian
market on lifetime. However, the rate of degradation will vary with climate, and therefore
country-based degradation data should be utilised. To account for non-technical influences,
market factors specific to the country should then be incorporated within these scenarios,
including subsidies, government policies, market age, and the breakdown of residential,
commercial, and utility systems.

Regarding limitations, these scenarios do not consider additional reasons for decom-
missioning, for example, inappropriate installation location, damage from vandalism,
renovations, battery upgrades, and changes in regulations [20–22,32,33].

5.6. Limitations

The overall, primary limitation of this work is the lack of information on current mod-
ule lifetimes, as well as uncertainty surrounding future technological and market trends.

Firstly, there is no publicly available record in Australia or globally of the age of EoL
panels when decommissioned, therefore the findings of this work rely on the accuracy of
estimates provided by other sources, which have been informed by various methodologies
(e.g., market analysis, surveys, degradation analysis). Because there is significant variation
between these sources, from 7–8 years to 30+ years, it is challenging to optimise the
prediction. Additionally, part of the reason there is no available record could potentially
be because many of the modules installed in the first boom in 2011–2013 in Australia may
still be in operation, especially commercial and utility systems, which are taxing to replace
and often designed with an intended 25-year lifetime. Though, again, there is no statistical
record to confirm this. Furthermore, because many modules may still be in operation,
it is unknown how long panels will and can last, and equally, current decommissioning
estimates will be based on the lifetimes of the oldest possible systems of 10 years.

Secondly, changes in market and policy and advances in PV technology will likely
affect the lifetime. For example, as discussed for residential modules, there is evidence to
support that the introduction of incentives can prompt early replacement. However, be-
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cause it is unknown when incentives will be introduced or discontinued, lifetime is difficult
to predict. Additionally, any shifts in consumer mindset, for instance away from PV being a
commodity item, will also affect lifetime. Furthermore, in support of Australia’s transition
to net-zero emissions, there is a significant push to further increase the commercial viability
of PV, which will involve increasing operating lifetimes from the current 20–30 years to
40–50 years, though it is unknown when this will occur [57].

6. Conclusions

Predicting the lifespan of modules is required in planning future installations, predict-
ing the timeliness and location of recycling facilities, and estimating the supply of recycled
materials. This work has sought to provide possible lifetime models using the Weibull
function for PV module lifetime in Australia in three scenarios that consider decommission-
ing due to a power decrease, damage and technical failures, and economic motivation to
improve the current lifetime forecasting model that only considers performance warranty.

Scenario 1 yielded an average lifetime of 15 years, weighting economic motivation
most significantly at 70% to represent the lifespan of residential modules. This is because
residential PV replacement in Australia is primarily consumer- and market-driven due to
Government rebates and incentives and/or insistent salespeople from solar companies.
Scenario 2 provided a ‘middle-ground’ lifetime model in which both a power decrease and
economic motivation are weighted equally at 46.5%, resulting in an average lifetime of
18 years. Lastly, Scenario 3 estimated an average lifetime of 20 years, in which EoL due to a
power decrease is weighted highly at 70% and economic motivation at 23%. This scenario
aimed to represent commercial and utility panels, which are most likely decommissioned
when damaged or underperforming. Weighting economic motivation lower in Scenarios 2
and 3 provided an estimate more immune to the effects of the Australian market and
is therefore more likely to be applicable to other countries. However, country-specific
degradation data and market factors should be considered. All scenarios predict lifetimes
to be significantly shorter than the industry standard of 25 years, which is based on per-
formance guarantees of 80% power output after 25 years of operation, thereby confirming
the influence of damage and technical failures and socio-economic factors in prompting
the early replacement of modules. Based on the operating lifespans estimated in this work
the amount of PV waste will increase at a greater rate than originally expected. There-
fore, all stakeholders in the industry must act promptly to ensure responsible end-of-life
management.

Additionally, another lifetime model that considers a variety of reasons including
social factors was also explored with an average lifetime of 15 years. The variety-of-
reasons distribution was tested by comparing waste projections using the model with
actual decommissioned data in South Korea, Japan, and Italy. Significant variance in the
results between the three countries was found, with the model matching Korea’s data
within 10%; however, for both Japan and Italy, the modelled data were 10–150 times larger.
This variability indicates the module lifetime will likely vary depending upon the market,
with factors including market age, as well as the breakdown of residential, commercial,
and utility-scale systems, affecting the average lifespan. For example, as indicated by
sources within the PV industry, decommissioning in the residential sector can be influenced
by economic incentives, whereas commercial and utility panels are more likely to reach
EoL when damaged or underperforming. Therefore, it follows that variance between
the variety-of-reasons model and reported decommissioning data in Japan and Italy was
found, for this work’s Australian-based model does not encapsulate the high proportion
of utility systems in these countries. Therefore, it is concluded that the variety-of-reasons
distribution is relevant only to the Australian context or potentially other countries with
young, predominately residential PV markets. Thus, further refined lifetime models specific
to different markets are required. Though, to improve the reliability of PV module lifetime
models, access to more accurate decommissioning data is required because current data are
scattered and either unavailable or non-existent.
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To account for the limitations of this work, future research is required to improve
the modelling of the practical lifetime of solar PV modules. Further work could involve
conducting widespread surveys on PV EoL with various stakeholders including consumers
and across the industry, research, and government fields, to determine operating lifespans.
Equally, these surveys could assist in predicting the market and technological trends,
and the consequent effects on lifetime. Additionally, aerial mapping to track system
replacements and additions could be explored. There is a need to track decommissioning,
and when such statistical data become available, they shall enable more accurate predictions
of the lifetime of PV modules in Australia and globally.
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The following Figures A1–A3 provide the original weighted CDFs for each scenario in
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