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Abstract

The prime objective of this study is to develop a cost-based sensitivity analysis of recycling perovskite solar module glass
and to project future glass availability for recycling in Europe. To do this, we use global average prices data and an extended
bottom-up cost model, with modifications to account for the recycling of perovskite photovoltaic glass. We conduct sensi-
tivity analyses with 0, 2, and 5% changes in technical and economic factors, and learning-rate-based projections, to identify
the key process steps that improve the economic benefits of glass recycling. For the PV glass projections, we employ the
combination of the Weibull distribution and material flow analysis methods. While applying learning rate projections based
on the EU-installed volume, we use conservative, base, and optimistic approaches with 10, 15, and 20% learning rates,
respectively. The sensitivity analysis outcomes demonstrate that chemical/thermal treatment, washing, emission control,
size reduction, and transport are key contributors to glass recycling costs. The learning rate projections for recycling costs
indicate that recycling costs can be reduced by up to $7 per square meter with scalability up to 4 TW, based on current recy-
cling infrastructure and technologies. Lastly, the results of the material flow analysis indicate that Europe alone will produce
10 to 25 million tons of glass per year from 2035 to 2070, depending on module life cycle and installation scenarios. The
study suggests that there will be an urgent need for glass recycling infrastructure and reforms, recycling startups, and PV
manufacturing businesses (SDG-7: clean and affordable energy) to support PV recycling and enhance circularity, thereby
reducing the EU's resource dependence.

Keywords Glass recycling - Europe - Sustainability - Bottom-up cost model - Sensitivity analysis - PV glass availability -
Learning rate - Material circularity

1 Introduction More recently, research has suggested that to achieve climate

change mitigation, PV installations of up to 4.5 TW annually

Solar energy has emerged as a leading solution to meet
global energy demand for industrial activities, mitigate cli-
mate change, and achieve net-zero emissions (Ding et al.,
2026). As per recent data, global PV installed capacity has
surpassed 2.8 terawatts (TW) in 2025, with China alone hav-
ing more than 1 TW; the European Union 406 GW, the US
224 GW, Germany and Japan both passed 100 GW installa-
tion in 2025, India and Pakistan are expected to surpass 133
GW! & 50 GW? installation respectively (Masson, 2025).
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by 2050 are required (Chowdhury et al., 2025). Recently,
another study argued that at least 3.4 TW per year should
be installed by 2037 to combat climate change, leading to
cumulative PV installations of 75 TW by 2050 (Nancy Hae-
gel et al., 2023). These dramatic growth projections highlight
a substantial demand for PV modules and, consequently, a
PV recycling industry in the foreseeable future (Chen et al.,
2020). More specifically, for a standard c-silicon module, the
glass accounts for 67% of the module mass (T. Chowdhury
et al., 2025). In parallel with conventional silicon modules,
perovskite PV has emerged as a highly promising option
with higher efficiency, tandem integration capability, and
low-temperature processing (Al-Saleem et al., 2025). Unlike

! https://www.pv-magazine.com/2025/12/19/india-passes-132-8-gw-

of-installed-solar-capacity/.
2 https://www.arabnews.com/node/2628379/pakistan.
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Fig. 1 Perovskite Glass Recycling Process Source: Authors own based on Supplementary Information SI1

traditional modules, perovskite modules can be encapsulated
in thick glass-glass or thin, flexible glass substrates, result-
ing in different glass thicknesses, intensities, and recycling
implications (Prince et al., 2025). For perovskite modules,
glass is also a major component, depending on the module
type and whether it is rigid or flexible. From an economic
perspective, the global PV glass market was valued at €14.4
billion in 2023 and is projected to reach €205 billion over the
next 8 years, with a compound annual growth rate of 30%
(Allied Market Research, 2024). According to recent Euro
Inox reports, glass currently has a recovery value of €0.1
to € 1/kg, compared to other materials recovered in Europe
(Sarah, 2025). While the European PV glass market size is
estimated at around €110.4 million, it is expected to reach
€255 million by 2030 (Gupta & Shukla, 2025).

In a more recent study, Peters et al. (2024) concluded that
PV glass volume could exceed 100 Mt by 2034, while Gold-
schmidt et al. (2021) projected that global demand for PV
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glass could reach 200 Mt over the coming decades. Figure 1
elaborates on the perovskite glass recycling process used in
this study for the overall technoeconomic analysis. Notably,
the cost considerations in PV glass recycling include col-
lection, transportation, processing, inspection, disassembly,
glass separation, glass size reduction, and chemical treat-
ment, which together determine the economic feasibility of
closed-loop systems?®.

The tremendous growth of PV demand, and PV glass in
particular, will drive the development of circular recycling
to create an alternative market to absorb materials and glass
from the existing PV value chain (Chowdhury et al., 2025;
Peters et al., 2024). Despite the high weight of glass in mod-
ules, solar glass recovery remains economically vulnerable

3 The cost considerations and recycling framework are developed

based on the literature review.
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due to its low material value, the lack of large-scale recy-
cling infrastructure, and higher transport and processing
costs (Dias et al., 2022). Uncertain end-of-life pathways lead
to high costs and revenue uncertainties that conventional PV
recycling models do not capture (Mukwevho et al., 2025).
Hence, the current study empirically analyzes the key cost
drivers of PV glass recycling, the effect of scaling up recy-
cling operations, and the specific economic implications for
glass circularity under different scenarios.

Meanwhile, the sensitivity analysis is essential to evaluate
how fluctuations in energy, technical, and economic pro-
cesses, as well as chemical treatment, transport, washing,
drying, and glass size reduction, among others, affect over-
all recycling profitability. These assessments provide criti-
cal insights for academic scholars, policymakers, and other
stakeholders to identify cost-effective ways and enhance
the financial resilience of circular glass value chains. The
current research further examines the full circular model
loop costs of PV glass recycling, and attempts to conclude
vis-a-vis glass materials circularity and policy interventions
or strategies to enhance the PV sector’s circular economy
performance.

In addition, the study aims to examine learning rate pro-
jections based on current recycling costs, which can guide
us on the level of scalability at which glass recycling might
be profitable and economically feasible. Lastly, the current
study projects glass availability in Mt/year from 2026 to
2070 based on current PV installations in Europe, under
three scenarios: worst-case (current installation rate), mod-
erate case (EU Green Deal-3.5 TW by 2050), and best-case
(7 TW by 2050). Based on the detailed analysis, the study
draws novel implications for future PV glass availability in
Europe and for glass recycling in the context of Sustainable
Development Goal 7 (clean & affordable energy).

Although the existing literature has widely documented
the technical feasibility of PV glass recycling (Sim et al.,
2025), large-scale adoption ultimately depends on whether
recycled materials can compete with original materials on
purity, reliability, supply chain, and costs. More recently,
Liao et al. (2026) researched the optimal siting of PV waste
treatment facilities in China. The study concluded that
large-scale recycling plants can achieve low-cost recycling,
whereas small-scale plants face multidimensional limitations
in achieving economically sustainable recycling. Along the
same lines, Sun et al. (2026) argued that it is possible to
achieve economically viable and environmentally friendly
localized recycling of PV glass by reducing transport dis-
tances and costs. In the case of double-glass module recy-
cling by First Solar, Preeti & Kumar (2025) concluded that
economically sustainable glass recycling of PV is possible at
a larger scale. Notably, the existing literature has not empha-
sized the comprehensive mechanisms involving the quantity
of PV glass, the in-depth costs of inputs, and future glass

availability. There lies the key novelty of this study: docu-
menting an integrated framework that combines perovskite
PV glass analysis, bottom-up cost modeling with sensitivity
analysis, learning curve-based cost projections, and dynamic
material flow analysis within a European context.

From a theoretical perspective, industrial ecology guides
us toward a system-oriented approach to analyze energy
& material flows across a product's life cycle to improve
resource efficiency and mitigate waste (Heath et al., 2020;
Mahmoudi et al., 2019). Notably, the future projection of
PV glass availability is grounded in the principles of indus-
trial ecology and stock-driven material flow analysis. The
installed capacity, as per industrial ecology, is treated as
an in-use material stock that is transformed into waste.
However, the timing and magnitude of material flows are
estimated using lifetime distributions that capture the proba-
bilistic retirement of PV systems over time (Li et al., 2025).
Further, by integrating the deployment scenarios with the
lifetime assumptions and glass content, the material flow
analysis provides a more robust mechanism for estimating
future glass availability. Within this framework, a dynamic
material flow analysis is employed to quantify the stocks
and flows of materials over time, enabling the prediction
of future waste generation based on historical deployment,
lifetimes, and technological advancements (Zimmermann,
2013). For PV systems and PV glass, the material flow anal-
ysis allows the projection of future end-of-life volumes and
the identification of relevant material streams under different
installation & lifetime scenarios (Cucchiella et al., 2015).
Consequently, identifying the financial landscape and supply
availability under which recycled glass becomes an attractive
input for solar manufacturing is a significant factor to enable
industry-driven circularity at the terawatt scale. More spe-
cifically, this study elaborates on specific conditions under
which it would be beneficial for PV industries to integrate
recycled materials.

2 Materials and methods
2.1 Dataand approach

In this study, we employ the bottom-up cost model for PV
developed and used by Powell et al. (2013) to estimate the
minimum sustainable price of crystalline silicon photovol-
taic manufacturing. While the original model dates back
to 2013, and the findings and data of Powell et al. (2013)
are much higher than today's industry data; hence, the cost
model is adapted and updated to reflect current industry con-
ditions as per PV glass recycling. We apply the estimation
strategy described by Powell et al. (2013) and have adopted
the method for estimating the MSP for PV glass recycling.
More specifically, key parameters such as CAPEX, OPEX,
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energy costs, and process assumptions have been updated
based on recent data. Further, the model has been improved
to reflect the characteristics of PV glass recycling, includ-
ing material composition and process-specific considerations
relevant to merging perovskite technologies. In the first step,
we use the bottom-up cost model and design it for a PV
perovskite glass recycling®. Transport costs are based on a
100 km distance from the collection point to the recycling
factory. As a virtual factory, including all operational costs,
fixed costs of machinery, labor & overhead, tools, buildings,
capital expenditures, operating expenditures, and step-by-
step costs, as demonstrated in Fig. 1, the baseline minimum
sustainable price is estimated for a 1 GW virtual PV factory.
All data files, supplementary materials, and replication code
are provided in the supplementary materials ZIP package
accompanying this manuscript.

Notably, the module area is considered to be 1.6X2 m,
module power at 0.4 kW, annual operating hours at 8000 h
per year, operating wages at € 0.61/hour, indirect labor ratio
at 0.055 as a fraction of labor cost, and operating hours at
0.03 h per m®. Among the other inputs, the electricity price
is €0.024 per kWh, the CAPEX is €111.03 million, and the
OPEX is €3.4846 million for a 1 GW plant. The data for all
the steps, processes, and all the costs were obtained from dif-
ferent published reports of the IEA PV power systems pro-
gramme, Alibaba.com, and vendor quotations of industrial
suppliers such as SUNY Group, Shanhong Energy Devel-
opment (China), Henan Recycle Environmental Protection
(China), Yushunxin / Solutions For E-Waste (China) and
NPC Incorporated (Japan). Overall, this data is used as a
global average. We employed overall values as the baseline
global average and further adjusted them to reflect European
conditions, specifically for input parameters such as energy
costs and other operations. Such an approach is considered
appropriate given region-specific data constraints for PV
glass recycling.

In the second step, we used the results of the bottom-up
cost model and conducted a sensitivity analysis. In the third
step, we further employ the findings of the bottom-up cost
model and apply the learning rate projections across three
different scenarios. Finally, we use the historical data on
EU photovoltaic installations from ITRPV published reports
(VDMA, 2026) and extended the analysis to PV installation
projections and glass availability in the EU until 2070.

4 1In the bottom-up cost model, the tax rate is assumed to be 0%, and
other financial components are set to rational values. The European-
specific values are reported in euros, and the global average prices are
represented in USD.
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2.2 Methodology

To examine the impacts of different input factors on the min-
imum sustainable price of PV glass recycling, we conducted
a deterministic one-at-a-time (OAT) sensitivity analysis.
Notably, the OAT approach is used to identify first-order
cost drivers rather than to characterize uncertainty propaga-
tion fully. The OAT sensitivity analysis does not account for
parameter interactions or joint variability, as each variable is
varied independently while others are held constant (Azzini
et al., 2020). Consequently, it provides only a first-order
assessment of model sensitivities and may underestimate
non-linear or combined effects. Hence, the findings should
be interpreted as indicative of key cost drivers rather than
overall comprehensive uncertainty analysis (Saltelli et al.,
2019). We visualized the results using a tornado diagram.
The sensitivity analysis was conducted at 2%, 3%, and 5%
levels for robustness. The main reason for using the tornado
approach is that it clearly ranks input factors by their mar-
ginal effects on the outcome metric (MSP in this case). In
addition, the sensitivity approach is widely used in techno-
economic analyses of PV systems and recycling studies (Liu
et al., 2025; Roy et al., 2025).

.= (1 +=¥)2) /(24 %)) = 100% 0

AY, = Y)Y, (ii)

In equation (i), S; denotes the percentage change in output
resulting from changing a single parameter, used to rank
the factors of the recycling process in the tornado chart.
Meanwhile, in equation (ii), AY_i depicts the output change
when any single factor is changed by the corresponding per-
centage, referring to the definition of the upper and lower
bar limits in the chart. For each process step, we apply the
symmetric perturbations around the base value, with typical
ranges of 0%, +2%, and + 5%, depending on the documented
uncertainty and precedent in the solar recycling literature
(Liu et al., 2025). The percentage changes were used to rank
the parameters by impact. This OAT approach allows us to
isolate marginal effects, thereby facilitating interpretation in
policy and engineering contexts.

C, = C, * n"(=b)Cn" (iii)

b = log (learning_rate)/ log? (iv)

whereas, in equation (iii), C,, denotes the unit cost at cumu-
lative installation n, C, expresses the cost of the first instal-
lation, and b is the learning exponent. The learning rate
curve was used to project cost reductions with cumulative
PV installations using Egs. (iii) and (iv), where the learning
rate defines the learning exponent b according to Eq. (iv).
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2.3 Dynamic material flow analysis (dMFA)

As mentioned above, we extended the analysis to project
future PV deployments in the EU through 2050 across three
scenarios and, based on these findings, estimated PV glass
availability in Europe. Following the recent literature on
energy economics and PV, we employ a dynamic, cohort-
based material flow analysis. Lifetime assumptions and esti-
mates were derived using Weibull distributions (Carrasco
et al., 2008; Wang et al., 2019; Westbroek et al., 2021). In
the first process of PV installation projections, we employ
the deterministic capacity growth approach, in which his-
torical installations are derived from cumulative PV capac-
ity using a stock-difference method (year-by-year change in
cumulative capacity). Then we developed three forward-
looking scenarios for 2026: worst case with constant annual
installations; moderate case, as per the EU Green Deal,
with 9% exponential growth; and best case, with 7 TW of
installations by 2050 and 12% exponential growth. Notably,
these scenarios reflect policy- and market-driven deploy-
ment pathways, consistent with the energy systems analysis
used in the green energy transition literature (P. Chowdhury
et al., 2026).

We apply a dynamic cohort-based material flow analy-
sis to estimate PV glass availability in the EU until 2070.
Annual installations were linked to end-of-life flows via a
Weibull lifetime distribution, indicating gradual module fail-
ure rather than fixed retirement. For each installation cohort,
the probability of reaching end-of-life was calculated based
on characteristic lifetimes of 25, 30, and 32 years. The life-
time values were chosen to represent the current lifetimes of
modules as well as potential future improvements in dura-
bility and reliability (Kuitche, 2021; Mirletz et al., 2024).
Such an approach helps capture the temporal dynamics
of PV installations, uncertainty, and recycling availability
across alternative deployment scenarios (Baek et al., 2025).
Equation (v) shows the annual PV installations, where /, rep-
resents the annual PV installations in year t, while C, — C,_,;
shows the cumulative installed PV capacity in current and
previous years. The equation (vi) below captures the module
failure at age (a) as per the Weibull distribution. In equation
(vi), f(a)shows the probability density function of module
failure, k denotes the shape parameter, and A is the scale
parameter. In the third step of dMFA, equation (vii) captures
the total end-of-life-based flow, where E, highlights the total
end-of-life PV capacity in year ¢, calculated by adding the
contributions of all installation cohorts /., and ¢ — 7 shows
the age of the cohort.

Annual installations;

It = Ct - Ct—l (V)

Weibull distribution lifetime;

1975
k(a\*"' _ . .
fay==(5) e vi)
End-of-life Cohort-based flow;
t
E =)1-fit—1) (vii)

7=0

The cumulative PV capacity flows were further converted
to glass mass (e.g., Mt of glass) using a glass intensity of
70 kt/GW per unit of PV capacity. Notably, the constant
glass intensity was employed to convert the PV capacity to
glass mass, as this value lies within the traditional range of
60-80 Kt/GW, derived from the module weight (~ 18-20 kg/
m?), glass fraction (~70-75%), and module power density
(~ 180-220 W/m?) (Chowdhury et al., 2025). In the last step
(equation viii), G, shows the total glass mass availability
from the end-of-life modules in year ¢, and @ denotes the
glass intensity per unit of PV capacity (tonnes per GW).

Glass Mass Conversion;

G, =EXa (viii)

For each cohort, we use the Weibull function to estimate
the fraction of modules that might reach the end of life each
year as the cohort ages. Further, each year we added the
end-of-life glass from all installation cohorts”. Finally, we
obtained the annual glass waste and recycling potential, pro-
jected under all three baseline scenarios, for each Weibull
distribution. We further employ the linear method to check
the robustness of the dynamic material flow analysis as a
final sanity check. Development of advanced recycling pro-
tocols and standards aligned with current and future EU
policies, resulting in future standards for recyclable Euro-
pean solar module production in line with the EU circular
economy action plan and WEEE.

3 Analysis, results, and discussion
3.1 Minimum sustainable price and sensitivity

In the first step of the analysis, we estimate the minimum
sustainable price for PV glass recycling using the procedures
outlined in the literature (Fig. 1). For a 1 GW virtual PV
factory, we have analyzed three cost scenarios: low, average,
and high. These three scenarios in the cost model assume
that recycling costs can be lower, stay on average, or be
inflated by more than 10%. The three recycling cost mod-
els under the mentioned scenarios have provided us with

3 The dMFA method argues that waste in a given year comes from
many past installation years, not just one.
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Fig.2 Sensitivity analysis at 0%
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the sustainable price of $20.25 per square meter (low cost),
$25.78 (average cost), and $30.27 (high cost).’

In the second step of the empirical analysis, we employ a
sensitivity analysis approach and develop tornado charts for

6 CapEx and OpEx are estimated at €111.0 million and €3.4846 mil-
lion, respectively.
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0.0
Change in MSP (%)

0, 2, and 5% changes in the relevant process steps and their
impact on the corresponding minimum sustainable price for
recycling (Figs. 2, 3, and 4). Figure 2 illustrates the sensitiv-
ity of the minimum sustainable price to each recycling step
by evaluating the change in MSP when the cost of each step
is hypothetically dropped to zero. This method underscores
the relative significance of each process step in the overall
cost structure. The results argued that chemical or thermal
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Fig.4 Sensitivity analysis at 5% PY.Glags Recyoli
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treatment, washing & purification, emission control, size
reduction, and transport are the key process steps for reduc-
ing the minimum sustainable price in glass recycling.

Furthermore, Figs. 3 and 4 show sensitivity changes of
2 and 5% across all recycling steps. The sensitivity analysis
empirics indicate that chemical or thermal treatment, size
reduction, washing & purification, glass separation, trans-
port, drying, and frame disassembly are the leading process
factors for glass recycling costs. The findings of the sensitiv-
ity analysis are highly consistent across all levels. Notably,
the PV industry might need to focus on alternative methods
for collection, technical processing, washing, and other steps
to gain an economic edge in integrating recycled materi-
als. From an economic perspective, the PV industry can
be facilitated by new recycling systems backed by feed-in-
tariff and subsidies programs (Johnson & Mayfield, 2020).
For instance, China has initiated new plans for PV recy-
cling systems that will synchronize PV manufacturers and
all stakeholders to steadily promote PV development and
remanufacturing industries (Yuen, 2023). More specifically,
as recycling costs are currently higher than manufacturing
costs, assuming that PV recycling or PV glass recycling has
become more cost-effective, manufacturers would be better
off using recycled materials for PV remanufacturing. The
ongoing discussions and plans of the National Development
and Reform Commission (NDRC) in China align with and
aim to establish remanufacturing industries for sustainability
and resource circularity (Bai et al., 2024).

In the third step of our empirical analysis, we apply a pro-
jection-based analysis of the current PV installed volume in the
EU, based on the outcomes of the high-, average-, and low-cost
scenarios used in the minimum sustainable price. The recycling
cost projection is based on learning rates of conservative (10%),

[)
Change in MSP (%)

base (15%), and optimistic (20%) from the current installed
capacity of 406 GW in the EU to 3 TW and 4 TW.

The learning rate projections indicate that, with massive
future installations in the EU, the amount of glass recycling
can be reduced. Notably, in the learning rate approach, we
employ the conservative, base, and optimistic approaches
with learning rates of 10, 15, and 20% for the cost projec-
tions. The 10, 15, and 20% learning rates correspond to
conservative, base, and optimistic technological improve-
ment conditions, respectively, and are closely aligned with
empirical findings for analogous recycling and green energy
technologies (Bai et al., 2024; Wei et al., 2025). The applied
learning rates (10, 15, and 20%) are consistent with the
values reported in the PV literature for different PV tech-
nologies, including energy systems and electricity supply
technologies (Goldschmidt et al., 2021; Nemet, 2006; Rubin
et al., 2015). We employ three learning rates to estimate
how PV glass recycling costs may decrease across different
installation scenarios, accounting for technology maturity
and system boundaries. More specifically, applying multi-
ple rates enables us to reflect plausible PV evolution trajec-
tories and ensure that sustainable price projections remain
grounded in real-world economic and financial dynamics.

Figure 5 illustrates the cost projections for PV glass
installations up to 3 TW and 4 TW, respectively. The finding
indicates that the recycling price under different scenarios
can decrease with scalability in future life cycles, reaching
$7 per square meter. This finding is reported for the high-
cost scenario of the cost modeling as done in the first step.’

7 Cost projections for the low-cost modeling and average-cost sce-
narios can be requested from the authors.
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Fig.5 Glass recycling cost pro-
jection based on current volume
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Such findings are novel and eye-catching, and they allow
us to conclude that large-scale implementation of PV glass
recycling will help enable an economically viable recycling
process, significantly reducing material costs and enhanc-
ing the sustainability of energy systems. In addition, across
multiple PV life cycles, scalable, cost-effective recycling can
be a significant tool for achieving environmentally sustain-
able solar deployment on a global scale. More recently, Sah
and Kumar (2024) argued that, in the recycling process at
lab scale, input costs (materials) exceed the output value
generated by mechanical, thermal, and chemical treatments.
The current study extends the arguments of Sah & Kumar
(2024) that, at an industrial scale, recycling and recovery
costs can be reduced.

More specifically, the results argue that across multi-
ple PV lifecycles, recycling costs will be reduced, thereby
significantly enhancing the benefits of PV recycling. The
basic principle of green energy highlights the importance
of recycling used modules, perovskite, silicon, and met-
als. In addition, to enhance the economic and circularity
benefits of recycling, it is crucial to introduce PV recycling
subsidies; such initiatives will motivate producers and dis-
tributors to share the associated recycling obligations in an
eco-environment where attractive commercial incentives for
green recycling are currently unavailable. The findings of the
current study align with those of Peters et al. (2024), who
concluded that carbon neutrality will require massive PV
installations and production. As of today, recycling costs of
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PV and glass are a significant bottleneck for material circu-
larity and sustainability (Saidi et al., 2025).

Meanwhile, the market value of low-quality recycled
materials is low, approximately 20% of the initial value.
However, across PV's multiple lifecycles, the market value
of recycled materials is expected to increase as material
purity improves, recovery technologies mature, and demand
for recycled components grows within the circular economy
(Burinskiené et al., 2025; van Gaalen & Chris Slootweg,
2025). Hence, the scalability of PV will be conducive to
overall cost mitigation and to achieving circular recycling
and carbon neutrality goals. The overall findings of this
study align with the conclusions of Burinskiené et al. (2025),
who argued that scaling up the use of recycled materials and
their trade can be beneficial for climate change and resource
conservation objectives. It is worth noting that the scalability
of photovoltaic (PV) technology is not only technically fea-
sible but is already being realized worldwide (Nancy Haegel
et al., 2023).

3.2 PV installation projection and PV glass
availability in the EU

In addition to the empirical analysis, we have conducted pro-
jections of EU PV installations under worst-case, moderate,
and best-case scenarios. In doing so, we employ the using
stock-based and exponential growth approach; where the
worst cost scenario assumes consistent 65GW/year installa-
tion as of in 2026, the moderate scenario is accordance with
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European green deal (green energy installation of 3.2 TW till
2050 to reach net zero) with 3.5 TW installations till 2050
with exponential growth of 9%, while the best case scenario
assumes the double installation as compared to EU green
deal and as moderate hypothesis with cumulative 7 TW
installation till 2050 with exponential growth rate of 12.06%.
Notably, the best-case scenario is motivated by historical
evidence of rapid PV deployment across all global regions,
driven by rising energy demand and evolving geopolitical
conditions. Figure 6 reports PV installation projections
through 2050 per the above-mentioned scenarios. Lastly,
based on the outcomes of the PV projection scenarios, we
further employ the Weibull distribution and dynamic mate-
rial flow analysis (AMFA Method) to project PV glass avail-
ability in Mt/year till 2070 for our three baseline scenarios
(worst, moderate, and best).

Figure 7 shows the EU PV glass availability (Mt/year)
until 2070, with the Weibull distribution (module end-of-
life at 25, 30, and 32 years), under worst, moderate, and
best installation scenarios. The projections from the material
flow analysis indicate that there will be glass waste under the
worst-case and moderate scenarios, ranging from 5 Mt/year
to 10 Mt/year, until 2070. While under the moderate sce-
nario (vis-a-vis the EU Green Deal), there will still be a mas-
sive amount of PV glass in the EU from 2035 to 2070. Nota-
bly, assuming a module life of 25 years results in more glass
and overall PV waste, whereas longer module lifetimes lead
to less glass and less overall PV waste. Furthermore, in the
best-case scenario, there is a possibility of 5 Mt/year to 23
Mt/year of glass availability from 2040 to 2070. It is worth
noting that in the dynamic material flow analysis, annual PV
installations after 2065 might slow, while end-of-life cohorts
peak and then shrink. The slight downward curves in our

Fig.6 EU PV projection Sce-

analysis indicate a cohort-driven effect, suggesting that after
2070, the EU might witness a slowdown in glass and overall
PV waste. The cohort-driven approach captures the temporal
dynamics of PV deployment, as well as the uncertainty in
module lifetimes and recycling availability across the studied
scenarios. More recently, Baek et al. (2025) concluded that
existing collection and recycling infrastructures in the EU
and the United States require strengthened deposit-return
schemes (DRS), improved EPR systems, and a more digi-
talized ecosystem to enhance future glass collection and
recycling rates. In a recent study, Agnusdei et al. (2022)
found that the DRS system was effective in increasing the
collection and recycling rates of glass packaging in Europe;
however, even with the DRS system, glass packaging waste
remains unaddressed.

Figure 8 further highlights EU photovoltaics glass avail-
ability using the linear method as a robustness check of our
baseline findings from the material flow analysis. Notably,
the linear method indicates that, in the worst-case scenario,
the glass availability flows remain low and plateau after
2050, depending on the module lifetimes. The moderate sce-
nario shows a sharp post-2040 surge in glass waste, while
the best-case scenario reports a steady rise after 2050, not-
ing that there will be substantial future PV glass in Europe.
Across three scenarios, the shorter lifetime will result in
higher glass availability, whereas the longer module life-
times might contribute to delay and smoother recycling
flows. Overall, the results are consistent with our outcomes
from the dynamic material flow analysis and allow us to
draw some novel insights and relevant implications.

Our study argues that there is an urgent need for tech-
nical and institutional support from governing bodies and
the recycling industry to enable PV glass businesses to

EU annual PV installations: Historical and Projection Scenarios

narios (using stock-based and
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EU PV glass available for recycling: scenarios (panels) and PV lifetimes (line types)
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Fig.7 EU PV Glass availability (using Weibull Distribution & dMFA Method) Source: Authors estimates based on Supplementary Information

SI3 & S14

enhance material circularity. PV glass recycling would ulti-
mately contribute to sustainable production and consump-
tion as an alternative to other materials (Baek et al., 2025).
It can help achieve the Sustainable Development Goal for
clean and affordable energy (SDG-7) by enabling glass to
be remanufactured into new modules. From an environ-
mental and sustainability perspective, glass production is
an energy-intensive process and accounts for more than 86
Mt of annual CO, emissions (Westbroek et al., 2021), while
glass recycling can help reduce this pollution.

It is important to note that the EU has clear aims to
enhance glass packaging collection & recycling, with a tar-
get of 75% by 2030, and to achieve a fully circular, climate-
neutral status by 2070. Currently, more than 12 Mt/year of
glass packaging is collected for recycling in the EU (Euro-
stat, 2025), while the results suggest that the PV industry
alone will contribute 5-20 Mt/year of glass waste under dif-
ferent circumstances and scenarios. Consequently, our study
argues that the current infrastructure, regulations, and poli-
cies regarding glass recycling may require further reforms
to accommodate future PV glass and to enable a PV circular
industry in the EU, with less reliance on non-EU countries
for resources. Currently, Europe imports up to €15 billion
in green energy products annually, mainly from China and
India. While establishing a circular PV industry alone can
be a conducive factor in reducing energy-related imports,

@ Springer

it can also enhance revenue, job opportunities, and sig-
nificant growth for Europe (European Commission, 2025).
The results align with those of Sun et al. (2026) & Preeti &
Kumar (2025), highlighting the need for scalable module
volumes and large-scale recycling plants to achieve low-cost
recycling and meet circularity objectives. However, unlike
the existing literature, the current study also projects the
large-scale future availability of PV glass in the EU across
different scenarios. The novelty of this study lies in high-
lighting pathways toward achieving EU energy independ-
ence through enhanced large-scale circularity and underscor-
ing the need for large-scale recycling infrastructure.

4 Conclusion and implications

To address end-of-life management bottlenecks posed by
the rapid global PV expansion, the current study exam-
ined the minimum sustainable price for PV glass recycling,
conducted a sensitivity analysis, and further extended the
analysis by incorporating learning rate projections and PV
glass availability in Europe across three scenarios. Notably,
for the projection of PV glass availability, we employ the
dynamic material flow analysis and used three scenarios,
worst case (consistent PV growth as of 2026), moderate case
(PV deployment as per EU green deal to have 3.5 TW PV),
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best case (double installation as per EU green deal), with
the module life times estimated with Weibull distribution at
25, 30 and 32 years. The comprehensive analysis of bottom-
up cost modeling, sensitivity, and learning rate projections
allows us to draw the following key conclusions. The current
study reinforces that PV glass recycling is a pivotal element
of PV circularity, with far-reaching sustainability benefits.
By examining the European context in depth, the current
study shows that the recovery and recycling of PV and PV
glass might help keep materials in circulation and reduce
dependence on virgin resource extraction.

Overall, the study concludes that it is crucial to find
novel ways to reduce costs across chemical or thermal treat-
ment, transport, washing & purification, size reduction, and
glass separation. For instance, PV recycling units can be
established within 50 to 100 km to enable the entire PV
value chain to be recycled and promote PV circular busi-
ness. Secondly, scaling up PV glass can be beneficial for
resource conservation, circularity, reduced dependence, and
the glass trade. This guide indicates that there is a need to
promote recycling infrastructure with robust investments,
waste recovery efforts, and to encourage recycling through
funding, targets, and innovation support. Notably, the results
of dynamic material flow analysis conclude that there will be

substantial amount of PV glass from 5 Mt/year to 20 Mt/year
in Europe; while Europe needs more reformed systems such
as; deposit-return schemes (DRS), improved EPR systems,
and a more digitalized ecosystem to enable the 90 percent
PV glass collection and recycling in accordance with the
framework of close the glass loop for Europe and to achieve
100 percent circularity and climate neutrality by 2050 (Ever-
Glass, 2024). Currently, at the industry level, materials and
chemicals are cheaper while machinery is expensive. In
future scenarios, the situation and conditions might change
due to the growing importance of critical materials and ris-
ing geopolitical issues.

Finally, this research offers a forward-looking perspective
by developing a projection model for glass recycling costs
and glass availability in Europe. The projection of recycling
costs indicates that across multiple lifecycles of PV, there is
a higher probability that recycling costs will be significantly
reduced due to ongoing innovations, reforms, and recycling-
related regulations. Future projections with higher scalabil-
ity, origin-specific data, and more controls can help deter-
mine whether policies and investments are on track to cover
future demand for resources or whether additional solutions
are needed. In summary, the study underscores that enhanc-
ing novel PV recycling methods, establishing recycling
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units through public—private partnerships, and introducing
subsidies or feed-in tariffs for recycling can accelerate and
motivate stakeholders to recycle and recover PV glass and
materials (Abnett & Alkousaa, 2025).

From a policy perspective, manufacturers can gain a
greater advantage by integrating recycled glass or other
materials into the existing value chain, due to cost-effec-
tiveness, energy efficiency, a smooth transition, and reduced
dependence on virgin resources. Further, the projected
amount of PV glass waste underscores the need for proactive
policy measures and appropriate infrastructure development.
Regarding the regulatory implications, existing frameworks,
such as the WEEE Directive, have provided a regulatory
basis for collection and recycling. However, scaling up
the required infrastructure to support future multi-terawatt
deployment scenarios requires substantial targeted invest-
ments in recycling capacity, improved collection systems,
and the identification of relevant markets for secondary glass
materials. Further, aligning these initiatives with the Euro-
pean Green Deal and the Circular Economy Action Plan
is critical to ensure reduced resource dependency, greater
efficiency, and lower environmental impacts.

Additionally, regulations such as extended producer
responsibility schemes, deposit-return schemes, or pub-
lic—private partnerships for recycling facilities can directly
impact materials circularity. In any specific region, a stable,
consistent, and sound policy is needed to sustain a virtuous
cycle: enhanced recycling, more trade in recycled materials,
economic viability and scalability, and encouragement of the
sustainability loop. Lastly, the current study concludes that
PV systems undergo significant evolution across multiple
lifecycles, underscoring the technical and logistical chal-
lenges of incorporating recycled components.

The caveats of this study include the use of global average
data for cost modeling due to data availability constraints,
the oversight of sector-specific differences, and the neglect
of institutional quality and economic shocks. Similarly, the
cost model is adapted from the silicon PV recycling frame-
work and may not fully capture the characteristics of perovs-
kite PV materials, potentially introducing uncertainty into
cost and sensitivity estimates. Another possible limitation
regarding sensitivity analysis is that the applied sensitivity
method captures only first-order assessments and does not
consider relevant uncertainties in future projections. The
researchers should also apply global sensitivity analysis
methods, such as variance-based approaches & Monte Carlo,
as well as advanced methods to improve the robustness of
PV glass cost modeling and forecasting, capturing parameter
interactions and non-linear effects in comprehensive cost
modeling. In addition, future research can extend this with
country-specific data, more detailed variables, and longer
time series.

@ Springer

While this study infers PV glass recycling costs and the
scalability of glass recycling across different scenarios,
future research could extend it to aluminum and other PV
materials, to specific materials recycling, and to specific
countries and regions. Addressing the issues mentioned
would deepen understanding of glass recycling and the
scalability of recycling as a key component of the circular
economy, and ensure that the expansion of secondary raw
material markets translates into the desired sustainability
gains, aligning with social and economic goals.

5 Summaries:

Supplementary Information SI1:

This supporting information provides the PV glass recy-
cling steps in Figure 1 that show all the recycling processes
as a virtual factory. No data was used to generate Figure 1.

Supplementary Information SI2:

This supporting information provides numerical data used
for EU PV installation and then further used for PV glass
waste estimates, inputs used in the cost modelling, Capex
and Opex estimations. In addition, this supporting informa-
tion includes the sensitivity analysis at 0%, 2%, and 5% for
all the PV glass recycling steps.

Supplementary Information SI3:

This supporting information provides detailed bottom-up
cost model on average numbers and data that was employed.
The high cost and low-cost data are also available on request,
but template and methodology same as in this file. The bot-
tom-up cost model for glass recycling includes all the steps
from start till end including collection, preprocessing, glass
cleaning, operations & capital expenditures and all other
factors.

Supplementary Information SI4:

This supporting information file provides all the R codes
(using data in SI2) used to do the sensitivity analysis, recy-
cling learning curve, EU PV projections using stock-based
and exponential growth approach, PV glass availability
using Weibull distribution and linear methods.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44498-026-00134-9.
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