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Abstract

Circular economy is a crucial strategy for achieving sustainable development. The use of
solar PV, which is a renewable energy source, has been considered a popular indicator to
measure and evaluate the circularity of an economy and enterprises. The recycling of solar
PV panels optimises resource use and reduces the need for virgin materials. However, it
does not automatically indicate an environmental advantage if the recovering and recycling
processes are energy- or emission-intensive. The paper applies life cycle assessment to
quantify the material demand for the Italian solar PV sector and contributions of solar PV
end-of-life strategies to the enhancement of the circular economy. It is identified that the
material intensity of the Italian solar PV sector increases from 4.67 g Sb eq to 5.20 g Sb eq
per MWh by 2040 due to the change in technology mix. At the same time, the total material
demand, as well as demand for specific materials, increases over the years, from 2008 to
2040. The strategy on recovery, recycling and reintegration of materials slightly reduces
the material demand, from 816 tonnes Sb eq to 814 tonnes Sb eq in 2040. It also brings the
benefits of reducing all the life cycle impacts, such as greenhouse gas emissions, energy
demand, etc.

Keywords: solar energy; solar PV; circular economy; energy transition; LCA; eco-design

1. Introduction
Circular economy (CE) is a crucial strategy for achieving sustainable development.

Unlike the traditional linear economic model of “take, make, use and dispose”, CE is based
on the concept of recreating natural systems, aiming at maximising resource efficiency
and minimising waste and pollution [1,2]. It replaces the “disposal” of materials with the
various end-of-life (EoL) management strategies such as energy recovery and material
recycling. Furthermore, it encourages the use of renewable energy and the application
of circular business models [1]. By promoting the use of renewable and clean energy,
minimising waste and bringing the opportunities for reusing and recycling materials, CE
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supports environmental sustainability [3,4]. It is expected to contribute to economic and
social sustainability by creating jobs and increasing the gross domestic product (GDP) [5,6].

The use of solar photovoltaics (PV), which is a renewable energy source, has
been considered as a popular measure to support the circularity of an economy and
enterprises [5,7,8]. Compared to fossil fuel-based energy systems, solar PV generates clean
electricity and significantly lowers greenhouse gas (GHG) emissions, by up to 90% [9].
It is identified as the top contributor to the decarbonisation of the energy sector and the
economy globally as well as regionally [10,11]. Considering the life cycle perspective, solar
PV does generate a modest amount of GHG emissions and other environmental impacts
during the operation stage [12]. More than half its emission comes from manufacturing
stages [13]; however, with the development of solar panel manufacturing technology, the
GHG emissions of solar PV have been significantly reduced throughout the entire life cy-
cle [14]. These benefits align with CE principles in minimising the use of exhaustible energy
resources, reducing GHG emissions and pollution and supporting long-term environmental
sustainability.

In addition to the benefit of emission reductions, solar PV systems also offer signifi-
cant material recovery opportunities through proper EoL management strategies. Solar
panels are composed of materials such as silicon, aluminium, glass, and silver, which can
be recycled. Current solar PV panel recycling technologies are increasingly developing,
helping to recover and recycle valuable materials and reduce e-waste. The recycling of
materials from decommissioned solar PV panels and reintegrating them into secondary
panels would close the loop of the solar PV life cycle and improve the circularity of solar
PV technology, the energy sector and the economy [15].

Several recent studies emphasised the importance of improving EoL management of
solar PV panels. Oteng et al. analysed research trends on solar panel waste management
from 1974 to 2019, showing that the field has been growing but lacking policies on recycling,
recovery, and waste management. They suggested future research directions towards
CE [16]. Building on this, Oteng et al. [17] conducted a life cycle assessment (LCA) to
evaluate environmental impacts of various policy scenarios for managing EoL solar PV
modules in Australia. The results showed that mandatory product stewardship significantly
reduces global warming potential compared to no-policy scenarios and highlighted that
transportation logistics play a critical role in the environmental footprint of PV recycling
systems. In addition, the importance of solar PV waste transportation was pointed out
in [18]. The study projected that there would be more than 109,000 tonnes of PV waste in
South Australia by 2050. Using emission modelling and route optimisation, it is found
out that an optimised network of transfer stations and recycling facilities could reduce
pollutant emissions by more than 34%, highlighting the need for supportive policies in
planning for EoL logistics. Daljit Singh et al. compared landfill and two recycling pathways
for EoL PV panels in Australia and suggested the consideration of recycling steps and
technologies before implementation [19]. In India, Khankhoje et al. studied three EoL
management strategies of landfill, incineration and recycling of solar PV and found that
recycling offers the lowest environmental footprint, promoting resource recovery and
emissions reduction [20]. These works highlighted the growing global concern over the
EoL management of solar PV and the need for region-specific solutions.

Other literature has further emphasised the role of CE strategies in solar PV de-
ployment. For an example, Heath et al. (2020) identified recycling of crystalline silicon
modules as a key component of the circular economy, requiring technological improve-
ments to reduce costs and environmental impact [21]. Heath and Drahi further empha-
sised that although full circularity has not yet been achieved, broader strategies beyond
recycling—including policy, economic, and digital innovations—are essential to accelerate
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progress in the PV and battery sectors [22]. Leung et al. introduced refined circularity indi-
cators to assess sustainability trade-offs [23], and Contreras Lisperguer et al. demonstrated
how closed-loop material cycles can significantly reduce environmental impacts, though
current recycling technologies and policies remain insufficient [24].

Considering that CE closely relates to resource efficiency and material use, it is ex-
pected that this aspect should be studied. However, the number of studies related to
material use is limited. Mirletz et al. quantified the mass and energy impacts of reduc-
ing, reusing and recycling solar PV manufacturing and deployment [25]. Granata et al.
conducted a techno-economic assessment of PV panel recycling, showing that economic
viability is highly dependent on silver content, material recycling, and fees [26]. Their
results emphasised that early investment and recovery of high-value materials such as
silver are key to achieving profitability.

Due to the crucial role of solar PV in advancing the CE and the need for region-specific
solutions, as well as the lack of study on the material aspect of CE in the solar PV sector,
this paper comprehensively analyses the contributions of solar PV in transitioning from the
linear economy to the CE. Considering that CE closely relates to material consumption and
waste generation, the paper will focus on material demand of solar PV and contributions
of solar PV EoL management to CE. The analysis will be performed by applying LCA to
(1) estimate the material demand of the Italian solar PV supply chain by 2040 and (2) identify
the reductions in material consumption and other environmental impacts such as energy
savings and GHG emission reduction, thanks to recovery, recycling and reintegration of
solar PV systems. Italy has been chosen as the case study due to its prominent role in solar
PV adoption within Europe. The current solar PV installations of Italy account for 10% of
the European capacity [27]. Moreover, Italy has set the ambitious 2030 and 2040 energy
national targets under the EU Green Deal and the National Recovery and Resilience Plan,
aiming for significant solar PV expansion by 2030 and beyond [28–30]. By quantifying the
material demand and environmental benefits of the recovery and recycling scenario of the
Italian solar PV sector, the paper offers an integrated approach, providing a data-informed
assessment of solar PV’s contribution to the circular economy, being specific to a country.
This CE-LCA integrated approach applied in this study can also be extended to other
countries and upscaled to the global scale.

The next section explains the link between CE and LCA. In addition, the LCA
method and the required data are described. The obtained results cover two main points:
(1) material demand and (2) material, energy, GHG emission reductions and other life cycle
environmental impacts of solar PV EoL management. The paper ends with a summary of
the main results and insights into future research on the solar energy technology to support
CE transition.

2. CE Indicators and LCA Methodology
The core meaning of CE is to mimic the natural system so that the product life cycle

is extended. This can be performed by applying ‘R’ strategies such as recover, reuse,
recycle, etc., at the EoL of the product system, using renewable energy and encouraging
circular business models [31]. In this study, circularity is considered on the material scale,
e.g., the material demand, the minimisation of virgin material input consumption, the reuse
and reintegration of recovered materials, and reducing waste through improved material
recovery. In the context of solar PV, this includes demand on virgin material for solar
panels, designing for reuse, increasing recycling rates, and enhancing the reintegration of
recovered materials into new solar panels.

To assess the contribution of these circular strategies, the European Commission has
suggested several methods such as material flow analysis, LCA, and Product Environ-
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mental Footprint [32]. Other methods are also considered to assess circular strategies,
such as environmentally extended input–output analysis, system dynamics, agent-based
modelling, etc. [33]. Among these methods, LCA is the most popular method to assess the
contributions of circular strategies [34]. This is mainly because of the shared principle of
LCA and CE, which is based on a life cycle perspective and their common focus on the
environmental dimension. Figure 1 illustrates the links between CE and LCA.

Figure 1. Links between CE and LCA. Explanations: The green block indicates circular economy
indicators (adapted from [35]). Black texts are circularity measures being implemented among various
life cycle stages.

In the last few years, the shift to a CE in the solar PV sector has attracted much attention.
The industry-level circularity measures typically combine material flow indicators with
quantitative measures reflecting resource reuse, recycling, or repeated use. For the solar
PV case, various metrics such as the circular material use rate [35], material circularity
indicator [36], and EoL recycling and recovery rates are applied to measure the effectiveness
of material reuse in production [37,38]. These methods tend to apply material flow analysis
to determine the percentage of secondary materials, recycling rates, and product longevity.
Their focus is to assess how well the industry closes material loops and lowers dependence
on virgin materials, measured in terms of quantifying the proportion of recycled material
utilised, product lifespan, and waste diverted from landfilling [37–40].

While these metrics provide a valuable insight into circular performance, they have
several limitations when applied at a sector level. Firstly, they necessitate detailed, high-
quality data on product lifetimes, reuse rates, and recycling efficiencies, which are often
lacking, inconsistent, or outdated, especially for innovative technologies like advanced
PV panels [41,42]. Moreover, most circularity metrics emphasise mass flows or material
loops and overlook the broader environmental consequences of circular strategies, such
as reuse, remanufacturing, or recycling. For example, an increase in material recovery
does not automatically indicate an environmental advantage if the recovery process is
energy- or emission-intensive. A recycling operation may seem to be circular, but it may
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consume high amounts of energy or produce toxic emissions that negate its environmental
benefits [43,44].

Recent LCA-based studies on PV panel recycling and reuse underscore the importance
of a thorough environmental performance evaluation to comprehend material circularity
results [43,44]. The disconnect between material circularity and environmental sustain-
ability has fostered a growing consensus in the literature regarding the importance of
incorporating LCA into evaluations of circularity [41,45]. While LCA was not initially
developed to assess circularity, it enhances material flow metrics by situating them within
larger environmental objectives like emissions reduction, energy efficiency, and resource
conservation [38,44]. LCA offers a comprehensive view of environmental impacts over a
product’s life cycle from raw material extraction to EoL management. Its indicators can be
used as complementary metrics in fostering more circular and sustainable decisions [46].
In addition, the databases for LCA are diverse and well-built, such as Ecoinvent [47],
Environmental Footprint dataset [48], and many other databases [49], making it a strong
tool, especially when detailed material flow data is lacking or unreliable [46,50].

This study utilises LCA to quantify the material demand and evaluate the contribution
of solar PV EoL management to the CE. This approach is driven by the ongoing absence of
comprehensive circularity datasets, the drawback of standalone circularity indicators and
the growing recognition in academia that LCA is crucial for understanding the environ-
mental aspects of circularity. By situating circular economy performance within an LCA
framework, the paper aims to provide a more detailed and credible assessment of solar
PV in the transition to a circular economy. The findings of this study seek to inform both
policy development and industrial decision-making in the transition towards a CE within
the renewable energy landscape.

3. Data and Method
3.1. LCA Method and CE Integrated Approach

LCA is a holistic methodology to quantify and evaluate the environmental impacts of
a product or service. It considers all impacts from the raw material extraction to make the
product or service till the end of its life, which avoids the neglect of impacts or transfers the
impacts from one stage during the life cycle to another stage [51]. In the CE context, LCA
helps to identify and avoid strategies that may increase circularity while causing some un-
intended externalities or lead to burden shifting. There are several international standards
guiding the application of LCA, such as the ISO 14040 and ISO 14044 standards [52,53]
for conducting the LCA study, the guidelines of the IEA for LCA on solar PV [54–56] and
the Product Environmental Footprint Category Rules (PEFCR) of the European Commis-
sion [57] for LCA of products in the EU context. This study will apply LCA according to
the ISO 1404X standards, with reference to IEA guidelines and the PEFCR method.

The ISO1404X standards require four steps of LCA, including the goal and scope
definition, life cycle inventory analysis, life cycle impact assessment and interpretation.
In the goal and scope definition step, the goal and intended applications of the study,
the functional unit, system boundary, data quality, assumptions, and life cycle impact
assessment methods need to be clarified. The life cycle inventory analysis step concerns
the data collection and quantifying all the environmental inputs and outputs. These
inputs and outputs are then classified and converted into life cycle impacts by applying
characterisation factors in the life cycle impact assessment step. The quantification of
characterised results, which are also called midpoint results, is compulsory. While the
endpoint results, which are quantified by applying normalisation and weighting factors,
are optional. The last step, interpretation, aims at reporting and explaining the obtained
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results. During this last step, dominance, sensitivity, uncertainty and other analyses can be
conducted to further understand the results [52,53].

Related to circularity aspects, LCA tools estimate the life cycle material consumption,
e.g., the amounts of materials required for the product or service over their life cycle, and
identify whether material consumption is a critical impact among various life cycle impacts.
In addition, by applying comparative LCA, the material consumption for similar products
can be compared, and the best-performing product from a material efficiency point of
view can be identified. The LCA methodology measures the material consumption in
different indicators, depending on the specific life cycle impact assessment methods. The
ReCiPe method measures the consumption of minerals and metals (expressed in kg of
copper equivalent (kg Cu eq), based on surplus ore potential, e.g., the average amount
of ore produced from the amount of mineral and metal resources being extracted) [58].
The PEFCR method expresses the resource use of minerals and metals in kg Sb eq [59,60],
meaning that all the extracted resources are converted into antimony. Although various life
cycle impact assessment methods express the material consumption in different units of
measurement, the scientific backgrounds for the quantification are very similar, e.g., based
on the concept of abiotic resource depletion and the potential to extract the resources in the
future. Figure 2 illustrates the CE-LCA integrated framework applied in this study.

 

Figure 2. CE and LCA integrated framework.

The paper will report the life cycle inventory on raw materials, e.g., the consumption
of main materials and metals for solar PV, being measured in tonnes of corresponding
materials. The life cycle impact results include the resource use of minerals and metals
(RU-m), and other critical life cycle impacts of solar PV, such as global warming potential
(GWP) and resource use of fossil fuels (RU-f). Other life cycle impacts are reported but
not deeply analysed. All these environmental impacts are quantified by applying the
Product Environmental Footprint (PEF) method (life cycle impact assessment method).
The quantification of 16 life cycle environmental indicators according to PEF and material
demand can be seen in Figure 2. As indicated in Figure 2, material demand is studied in
three indicators of material intensity (or RU-m), total material requirement and material
requirement for specific minerals and metals. These indicators are quantified according to
the following equations:

RUm = TMR/∑n
1 Elet, (1)

where
RUm is the material intensity of the Italian solar PV sector (g Sb eq per MWh, or tonne

Sb eq per TWh).
TMR is the total material requirement of the Italian solar PV sector (tonne Sb eq).
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Elet is the amount of electricity generated by solar PV technology t (TWh), and n is
the number of technologies.

TMR = ∑n
1 (RUmt × Elet) , (2)

where
TMR is the total material requirement in the Italian solar PV sector (tonne Sb eq).
RUmt is the resource use, minerals and metals of technology t (tonne Sb eq per TWh).
Elet is the amount of electricity generated by solar PV technology t (TWh), and n is

the number of technologies.
RUmt = LCIt × CF, (3)

where
RUmt is the resource use, minerals and metals of technology t (kg per kWh or 106 g Sb

eq per MWh).
LCIt is the life cycle inventory of mineral and metal m for 1 kWh of electricity generated

from technology t (kg).
CF is the characterisation factor of metals and minerals for the RU-m indicator (kg Sb

eq per kg).
MRm = ∑n

1 (LCIt × Elet) (4)

where
MRm is the material requirement for specific minerals and metals m (kg for total kWh

or ktonne for total TWh).
LCIt is the life cycle inventory of mineral and metal m for 1 kWh of electricity generated

from technology t (kg).
Elet is the amount of electricity generated by solar PV technology t (kWh), and n is the

number of technologies.
Table 1 provides the characterisation factors of some metals and minerals for the RU-m

indicator. Further characterisation factors of other PEF indicators can be seen in the EU
platform on LCA [60] and Simapro software [61].

Table 1. Characterisation factors for some metals and mineral of RU-m indicator.

Material Application in PV Characterisation Factor (kg Sb eq/kg)

Aluminium Frames, mounting structures 1.09 × 10−9

Copper Electrical cabling 1.37 × 10−3

Silver Conductive layers in cells 1.18 × 100

Silicon PV cells 1.40 × 10−11

Nickel Coatings, contacts 6.53 × 10−5

Magnesium Alloying agent 2.02 × 10−9

Manganese Alloying agent 2.54 × 10−6

Lead Solder 6.34 × 10−3

All the results will be calculated per MWh of electricity from solar PV and for the Italian
solar PV sector (functional unit). The system boundary is cradle to grave with two EoL man-
agement scenarios: business as usual (BAU) and recycling, reuse and reintegration (3R).

The collected data includes the background and foreground data. The foreground
data are those of the processes which directly relate to the product system, e.g., electricity
generated from the Italian solar PV panels and the EoL management strategies, while the



Sustainability 2025, 17, 6592 8 of 25

foreground data belong to the processes being indirectly related to the product system, for
example, material extraction, cell production, module installation, etc. In this study, the
background data is derived from Ecoinvent [62] and the most updated IEA’s LCI data on
solar PV [54]. The foreground data, which includes the Italy-specific solar development
and its projections by technologies, are taken from GSE [63] and Snam and Terna [64] and
described in Section 3.2. The EoL data of solar PV is taken from IEA [65,66] and elaborated
in Section 3.3.

3.2. Life Cycle Inventory Data: Solar Energy Development

Solar PV provided 30.7 TWh of electricity in Italy in 2023, increasing 9.2% annually in
the period of 2008–2023 [63,67]. The installed capacity also experiences a sharp increase
from 0.5 GW in 2008 to 30.3 GW in 2023 [67,68]. It is expected that by 2030, the installed
capacity of solar PV will reach 74.5 GW, providing 101 TWh of electricity [64]. By 2040, in
order to meet the net-zero requirement, two scenarios have been proposed, with installed
capacity of solar PV mounted to 101 GW in a low solar penetration scenario and 113.2 GW
in a high solar penetration scenario [64]. The development pathway of the Italian solar PV
sector from 2008 to 2040 is presented in Figure 3, with data compiled from GSE’s annual
statistical reports on solar PV [63] and the Italian power development scenario of Snam and
Terna [64]. The two scenarios of low and high solar penetrations are presented as 2040L
and 2040H, respectively.

Figure 3. Trends of solar PV installation in Italy in the past, present and future.

Regarding the types of installation, the ground installation accounted for 21% to 49.4%
in the period of 2008–2023, or 38% on average. Until 2023, the first agrivoltaics and floating
solar PV were introduced with 0.3 GW of installed capacity. Within the last five years,
the percentage share of ground installation reduced by 2% annually, indicating the full
exploitation of the land budget for solar PV. Therefore, it is expected that in the future, the
share of ground installation in absolute value will remain the same as it is in 2023, making
its share in percentage reduce from 30% in 2023 to 20.5% in 2025 and 12.2% by 2030. By
2040, ground installation will contribute to 9% in a low solar penetration scenario and 8%
in a high solar penetration scenario. The increase in installed capacity in the future will
be met by building integrated solar PV (BIPV) panels, mainly rooftop, and an increasing
contribution of BIPV windows, at 5% by 2040. The share of agrivoltaics increases from 1%
in 2023 to 5% by 2040.

In terms of materials for solar PV panels, within a decade, from 2010 to 2020, multi-
crystalline (mc-Si) solar PV panels hold the largest share, around 70 to 73% of the total
installation. However, the share of mc-Si solar PV panels has gradually decreased recently
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and is being replaced by single-crystalline (sc-Si) solar PV panels. Thin films, amorphous
and other materials contributed a small percentage, from 4% to 6%, over the last 10 years. It
is expected that the share of mc-Si panels will continue to decrease, contributing a negligible
part of the total installation by 2040. The increasing installed capacity will be met by sc-Si
solar PV panels such as silicon heterojunction and TOPcon [69]. Innovative thin films
such as perovskite solar PV and other types of panels, such as tandem solar PV based on
perovskite and (or) silicon, will be introduced into the market, causing an increase in the
share of thin films, amorphous and other types of panels from 4% in 2023 to 6% in 2040L
and 11% in 2040H.

3.3. Life Cycle Inventory Data: Recovery, Recycling, and Reintegrate of Materials

Two scenarios of solar PV EoL, namely BAU and 3R, are considered. BAU is quantified
from 2008 to 2040, while the 3R only concerns the future years of 2030 and 2040. This
assumption aligns with the actual situation and literature [70], in which currently only
damaged PV modules are disposed of and the PV waste streams are minor (as the operation
lifetime of PV is more than 25 years). In the BAU scenario, the cut-off approach has been
applied. In this approach, the efforts of module recycling are allocated to waste treatment,
glass cullet, aluminium and copper scrap by using economic allocation [66]. In such a
case, the modelling of EoL of solar PV in the BAU scenario only includes the impacts from
waste treatment. In the 3R scenario, the solar PV panels will be taken back and recycled.
The recycled materials, including silica sand, aluminium and copper, will be reintegrated
into the economy. This is performed by applying the EoL approach, and avoided burdens
due to recovered materials are included in the modelling. The mounting structure and
inverter are not included in the assessment. Table 2 presents the energy and material use
and recovery from recycling 1 kg of solar PV panel in the 3R scenario [65,66].

Table 2. Energy and material use and recovery from recycling solar PV panels.

Input/Output Unit Amount

Electricity kWh 1.11 × 10−1

Diesel kg 6.48 × 10−2

Natural gas MJ −8.15 × 10−1

Heavy fuel oil MJ −5.28 × 10−1

Silica sand kg −3.44 × 10−1

Soda, power kg −1.36 × 10−1

Limestone kg −2.38 × 10−1

Copper kg −2.48 × 10−2

Aluminium kg −5.34 × 10−2

In both scenarios, all the modules will be recycled when they reach their EoL. This
assumption is very close to the actual situation of recycling solar PV in Italy, in which up to
97% of the module mass is recycled [65].

4. Results
There are two pieces of results being reported in this paper, including (1) the materials

demand for solar development and (2) the material requirement and other environmental
benefits of 3R. The first piece of results on material demand, which comprises material
intensity or RU-m (g Sb eq/MWh), total material requirement (tonne Sb eq), and con-
sumption of main minerals and metals (ktonne of specific minerals and metals) of the
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Italian solar PV sector, focuses on the circularity aspects. While the second piece of results
covers the material reductions and benefits on life cycle environmental impacts of the 3R
strategy applied in the Italian solar PV sector. The quantification of material demand is
conducted annually for 30 years from 2008 to 2040 (BAU scenarios), while the material and
environmental benefits of the 3R scenario are quantified for the future years only (2030 and
2040) to indicate the impact of the current change in EoL management strategies on the
future material requirement. By 2040, two scenarios of low and high solar PV penetrations
will be explored, being marked as 2040L and 2040H, respectively.

4.1. Material Demand for Solar PV Development

Figure 4 illustrates the fluctuation of RU-m of the Italian solar PV sector, measured
in g Sb eq per MWh within 30 years between 2008 and 2040. The RU-m slightly reduces
from 2008 to 2011, then gradually increases from 4.11 g Sb eq/MWh in 2011 to 5.12 g Sb
eq/MWh in 2030. By 2040, the RU-m will be around 5.19 g Sb eq/MWh. The change in
RU-m of electricity from solar PV corresponds to the change in the technology mix. PV
deployments have historically been dominated by ground-mounted mc-Si panels, which
are characterised by relatively low material requirements (at 3.11 g Sb eq/MWh). These
panels benefit from simpler mounting structures and do not require a battery energy storage
system, resulting in a reduced need for materials. Thanks to the increasing share of ground-
mounted mc-Si panels in the system, the RU-m per MWh decreases in the period before
2011, even though the cumulatively installed capacity increased.

Figure 4. Resource use—metals and minerals (g Sb eq per MWh) in the Italian solar PV sector,
2008–2040.

After 2011, solar PV is increasingly integrated into urban infrastructure, and more
resource-intensive technologies such as rooftop installations are being adopted. Due to the
complexity of integrating panels into roofs, as well as the additional framing, support, and
interface components required compared to ground-mounted panels, the RU-m of the solar
PV, in general, gradually increases from 2011 to the present. The rooftop panels require
5.04 and 5.16 g Sb eq/MWh for sc-Si and mc-Si panels, respectively. At the same time, the
share of sc-Si, with more intensive RU-m, has been increasing, replacing the mc-Si, which
also contributes to the increasing trend in the Italian solar PV sector.
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In the future years, the system will be more diverse with an increasing share of
agrivoltaics, floating PV and BIPV windows. These systems, especially BIPV panels,
require the inclusion of a battery energy storage system and therefore have a higher material
demand of 8.14 g Sb eq/MWh. The change in the share of technology causes an increase
in the RU-m of the whole solar PV sector in the future, from around 4.67 g Sb eq/MWh in
2024 to 5.12 g Sb eq/MWh by 2030 and 5.18 g Sb eq and 5.20 g Sb eq/MWh by 2040 in the
low and high solar penetration scenarios, respectively.

The moderate but steady increase in RU-m illustrates the trade-off between energy
transition goals and resource sustainability. While solar PV remains a clean and low-
emission energy source, its widespread deployment in more complex applications raises
concerns about material availability and long-term environmental impacts. This trend,
therefore, highlights the importance of promoting material-efficient PV technologies, im-
proving recycling infrastructure, and encouraging circular economy strategies to mitigate
future resource constraints.

Similarly to the material intensity, the total material requirement (in tonne Sb eq
and tonne of corresponding materials) of the Italian solar PV sector experiences a steady
increase over the decades, highlighting the environmental intensity of scaling up solar
PV. From about eight tonnes Sb eq in 2010, RU-m increases significantly to 714 tonnes
Sb eq by 2040 in the low solar penetration scenario and exceeds 816 tonnes Sb eq under
the high solar deployment scenario. This increase is closely related to the increasing
adoption of more material-intensive PV systems, such as building-integrated PV (BIPV)
and advanced rooftop panels, which require higher structural and integration materials.
Figure 5 illustrates the evolution of metal and mineral use in the Italian solar PV sector in
tonnes of Sb eq and tonnes of main metals and critical raw materials from 2008 to 2040.
Figure 6 compares the contribution of materials to various components of solar PV systems
in 2010 and 2040.

One of the most notable aspects of this trend is the increasing use of aluminium and
copper, two of the most consumed metals in the PV supply chain (see Figure 5). Aluminium
is widely used in mounting structures, frames and racks for PV panels (see Figure 6) due
to its light weight, strength and corrosion resistance. As solar PV installations expand,
particularly in rooftop and BIPV, the demand for aluminium continues to increase steadily.
By 2040, aluminium consumption is expected to reach 130 kilotonnes (ktonnes), reflecting
continued reliance on the material for infrastructure support.

Copper, on the other hand, plays a key role in electrical and electronic components
of solar PV systems, including wiring, interconnections and inverters. Although the total
mass consumption of copper is lower than aluminium (reaching over 53.9 ktonnes by 2040),
it contributes significantly more to resource use as measured by the Sb equation. This is
due to the higher environmental and resource pressures associated with copper mining
and processing. This emphasises the need for more efficient utilisation strategies, such as
optimising system design to reduce copper intensity and investing in recycling processes
to recover copper from decommissioned systems.

Silicon, the foundation material for photovoltaic panels, also shows a steady upward
trend in consumption. From 478 tonnes in 2020, silicon demand will increase to around
4.1 kilotonnes by 2040. This increase reflects the dominance of silicon-based technologies,
especially sc-Si and mc-Si panels in the global and Italian solar PV market. The improved
efficiency of these panels, coupled with their falling costs, has made silicon the preferred
material for most PV applications. However, this also requires continuous attention to
the environmental impact of silicon production, especially regarding energy-intensive
refining processes.
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Figure 5. Material consumption for solar PV (by main minerals and metals) from 2010 to 2040.

In addition to these key materials, some critical, strategic, and precious raw materials,
such as silver, nickel, lead, manganese, magnesium and fluorspar, also saw an increase over
the study period. For example, silver, an essential component of electrical contacts in PV
panels, increased sharply from 18.8 tonnes in 2020 to 117 tonnes in 2040. The importance
and high cost of silver make it a prime target for material substitution and efficiency im-
provements in PV panel manufacturing. Likewise, lead, manganese, magnesium and nickel,
which are used in solder, frames, and panels, also saw significant growth, highlighting the
need for sustainable design options and alternatives in PV system manufacturing.

As it is shown in Figure 6, there is a small change in the contribution of materials to
various components between 2010 and 2040. In 2010, the Italian solar PV sector is made up
of a relatively balanced mix of ground-mounted and rooftop systems. By 2040, the share of
ground-mounted systems will reduce, being replaced by rooftop and BIPV systems. The
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rooftop and BIPV systems require more complex electrical installation, which causes an
increase in copper demand at a noticeable rate compared to other remaining materials.
At the same time, solar home PV systems such as rooftop and BIPV require a battery
energy storage system, which makes the contribution of the battery to the total material
requirement visible by 2040.

While solar PV offers clear benefits in decarbonising the energy sector, its material
demands pose emerging sustainability challenges. Strategic interventions are needed to
address increasing material intensity, including (1) promoting circular economy models to
recover energy and recycle critical materials, (2) investing in low-impact material alterna-
tives, and (3) improving system design and implementation efficiencies. These efforts will
be essential to ensure that the environmental benefits of solar PV are not outweighed by
the amount of material demand.

Figure 6. Change in the share of material use by components of the Italian solar sector.

4.2. Material Requirement and Other Environmental Benefits of 3R

Thanks to the energy recovery and material recycling, the resource use intensity
slightly reduces. The reduction is clearly shown in ground-mounted and BIPV systems.
The ground-mounted PV reduces from 3.11 to 3.08 g Sb eq per MWh. BIPV reduces from
8.14 to 8.03 g Sb eq per MWh. Meanwhile the material consumptions of roof installation for
both mc-Si and sc-Si have no noticeable decrease. The reduction in each of the technologies
leads to the reduction in the average material consumption intensity of the Italian solar PV
sector. Specifically, by 2030 the material consumption will reduce from 5.12 to 5.11 g Sb eq
per MWh. Similarly, the material consumption by 2040 reduces by 0.02 g Sb eq per MWh,
from 5.18 g Sb eq in the 3R scenario to 5.16 g Sb eq per MWh in the BAU scenario with the
low solar penetration and from 5.20 g Sb eq to 5.18 g Sb eq under the high solar penetration.
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At the same time, the total material consumption for the Italian solar PV sector in
the 3R scenario reduces accordingly compared to the BAU scenario. Specifically, the total
material consumption in the 3R scenario by 2030 will be 518 tonnes Sb eq, reducing two
tonnes Sb eq compared to the BAU scenario. By 2040, the total material consumption
will reduce two tonnes Sb eq for both cases of solar penetrations in the 3R scenario, from
816 tonnes Sb eq in the BAU scenario to 814 tonnes Sb eq in the case of high solar penetration.
Figure 7 presents the reduction in total material consumption in the 3R scenario.

Figure 7. Changes in material consumption in the 3R scenario.

In detail, the reductions in the total material consumption are highest among sand,
calcite, and aluminium, which are the materials for making solar glass and panel frames (as
presented in Figure 7). Specifically, the sand and calcite amounts reduce by 7.17 ktonnes
and 20.8 ktonnes by 2030, respectively. By 2040, in the high solar penetration scenarios,
recycling helps to reduce 10.5 ktonnes of sand and 27.2 ktonnes of calcite, compared to
the BAU scenario. The aluminium amount reduces by 4.4 ktonnes from 85.1 ktonnes to
80.7 ktonnes by 2030 and by 6.3 ktonnes from 130 ktonnes to 124 ktonnes by 2040 in the
high solar penetration scenario. These materials are obtained by mechanical recycling of
solar PV panels, which does not require auxiliary material but only consumes electricity for
operating the machines [65]. The process is relatively simple; therefore, the recycling rates
of these materials are high, reaching 98% for glass and 100% for aluminium [71]. This is
the main reason for the relatively large amount of reduction in this material consumption,
thanks to the recycling of the solar PV panel.

It is interesting that the amount of copper does not reduce in the 3R scenario, although
copper has a high recycling rate of 95% [71]. In fact, the amount of copper slightly increases
by 1.15 tonnes by 2030 and 1.48 tonnes by 2040. This is likely caused by the fact that the use
of copper for electricity production (used for the recycling process) outweighs the amount
of copper obtained from the recycling process of the solar PV panel.
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Other materials which have a low recycling rate and are assumed to be unrecycled
in this study, such as magnesium, manganese, nickel, silicon and silver, experience a
slight increase in the 3R scenario. For an example, the amount of silver increases by
2.91 kg by 2030 and 3.81 kg by 2040 in the high solar penetration scenario. By 2030, the
amounts of manganese, magnesium and nickel increase by 337 kg, 458 kg and 613 kg,
respectively. By 2040, in the high solar penetration scenario, they increase by 361 kg, 598 kg
and 800 kg, respectively.

Notably, the amount of lead reduces in the 3R scenarios, although there is no direct
benefit of lead recycling. By 2030 and 2040, the amount of lead reduces by 857 kg and
126 kg, respectively. This reduction likely comes from the energy recovery benefit of the
3R scenario.

The GWP and RU-f of the 3R scenario are slightly smaller than those of the BAU
scenario (as illustrated in Figure 8). Specifically, the GWP of the Italian solar PV sector in
future years in the 3R scenario is 75.9 kg CO2 eq per MWh on average, reducing about
0.2 kg CO2 eq compared to the BAU scenario. In 2030, the GWP will reduce by about 0.4 kg
CO2 eq in the 3R and less than 0.05 kg CO2 eq in 2040 for both cases of solar penetration.
Similarly, the RU-f reduces accordingly, from 945 MJ in the BAU scenario to 943 MJ in the
3R scenario, on average. By 2030, the RU-f reduces by 5.13 MJ and less than 1 MJ in 2040
for both cases of solar penetration. The reductions in all life cycle environmental impacts in
2030 and 2040 with high solar penetration are presented in Table 3. As being indicated in
Table 3, the environmental impacts in the 3R scenario reduce for all impact categories, with
various scales of change. By 2030, the changes are small for most impact categories, at less
than 1% reduction, except for the case of freshwater eutrophication and ionising radiation,
which reduce by 1.9% and 1.4%, respectively. The reductions by 2040 are even unnoticeable.
Notably, the 3R strategies bring the significant benefit in terms of water use, in which water
has been produced from the recycling process, from 36 m3 to 442 m3 per MWh.

 

 
Figure 8. Changes in GWP and RU-f in the 3R scenario.
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Table 3. Comparison of life cycle impacts per MWh in the Italian solar PV sector in BAU and 3R
scenarios by 2030 and 2040.

Impact Unit
2030 2040 with High Solar Penetration

BAU 3R BAU 3R

AP mol H+ eq 6.14 × 10−1 6.09 × 10−1 5.51 × 10−1 5.50 × 10−1

GWP kg CO2 eq 7.93 × 101 7.89 × 101 7.45 × 101 7.44 × 101

ET-fw CTUe 7.99 × 102 7.96 × 102 6.96 × 102 6.96 × 102

PMF disease inc. 5.52 × 10−6 5.48 × 10−6 5.09 × 10−6 5.08 × 10−6

EP-m kg N eq 9.85 × 10−2 9.82 × 10−2 8.51 × 10−2 8.50 × 10−2

EP-fw kg P eq 5.00 × 10−2 4.91 × 10−2 4.50 × 10−2 4.48 × 10−2

EP-t mol N eq 9.73 × 10−1 9.68 × 10−1 8.92 × 10−1 8.91 × 10−1

HT-c CTUh 1.03 × 10−7 1.02 × 10−7 9.04 × 10−8 9.02 × 10−8

HT-nc CTUh 4.49 × 10−6 4.46 × 10−6 3.92 × 10−6 3.91 × 10−6

IR kBq U-235 eq 7.15 × 100 7.05 × 100 6.65 × 100 6.63 × 100

LU Pt 1.65 × 103 1.65 × 103 1.16 × 103 1.16 × 103

ODP kg CFC11 eq 5.05 × 10−6 5.01 × 10−6 4.73 × 10−6 4.72 × 10−6

PCOF kg NMVOC eq 3.43 × 10−1 3.42 × 10−1 3.17 × 10−1 3.17 × 10−1

RU-f MJ 9.86E × 102 9.81 × 102 9.26 × 102 9.25 × 102

RU-m kg Sb eq 5.03 × 10−3 5.01 × 10−3 4.38× 10−3 4.38 × 10−3

WU m3 depriv. 6.18 × 101 −4.42 × 102 5.48 × 101 −3.65 × 101

Notes: AP: acidification potential, GWP: global warming potential, ET-fw: ecotoxicity freshwater, PMF: particulate
matter formation, EP-m: eutrophication potential marine, EP-fw: eutrophication potential freshwater, EP-t:
eutrophication potential terrestrial, HT-c: human toxicity cancer, HT-nc: human toxicity non-cancer, IR: ionising
radiation, LU: land use, ODP: ozone depletion potential, PCOF: photochemical ozone formation, RU-f: resource
use fossil, RU-m: resource use of metal and mineral, WU: water use.

4.3. Sensitivity Analysis

Due to the fact that the material demand of the Italian solar PV sector depends on
the technology mix, a sensitivity analysis is conducted on the share of the technology mix.
Specifically, the share of agrivoltaics, floating and BIPV windows increases from 10% to 12%
in 2030 and 2040, and the shares of ground-mounted and rooftop installations reduce by 1%
each in these years. In this case, the increase in the share of agrivoltaics, floating and BIPV
windows leads to a 1.6% increase in the material intensity of the Italian solar PV sector,
from 5.12 to 5.21 g Sb eq/MWh by 2030 and from 5.20 to 5.28 g Sb eq/MWh by 2040 in the
high solar deployment scenario. Except for silver and sand, the requirements of specific
minerals and metals increase to a marginal extent. The silver and sand requirements see
negligible reductions, being less than 0.5% for the case of silver and 0.15% for the case of
sand by 2040. The material intensity and the requirements of specific materials are highly
sensitive to the technology mix, particularly BIPV windows due to their battery integration,
structural complexity and slightly lower silver and sand consumptions. This analysis
confirms the importance of promoting dematerialisation of solar PV designs and efficient
recycling systems to ensure resource resilience among materials. Figure 9 illustrates the
changes in RU-m per MWh of electricity from the Italian solar PV sector and the material
requirement for specific minerals and metals by 2030 and 2040.
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Figure 9. Sensitivity analysis of material demand in the Italian solar PV sector.

5. Discussion
With the increasing PV technology development globally, material consumption pat-

terns for production are crucial to understand for projecting future resource requirements
and planning for sustainability. The current work focuses on the metal and mineral use
within the Italian solar PV sector during the period 2008–2040, considering the life cycle
perspective. It is identified that the RU-m intensity increases from 4.67 g Sb eq per MWh
in 2008 to 5.12 g Sb eq in 2030 and 5.20 g Sb eq in 2040. The increase in RU-m per MWh
implies that as solar PV technologies become more material intensive. The RU-m intensity
in the Italian solar PV sector is in the range of obtained results for solar PV technologies
from 2.9 to 6.8 g Sb eq per MWh [42]. However, it is seven times higher than those obtained
for silicon-based solar PV technologies in China, from 0.37 to 0.77 g Sb eq per MWh [72].
The lower RU-m of solar PV in China (compared to those of Italy in this study) likely
originates from the difference in the studied technologies, e.g., the mixture of solar PV
technology in this study and mono-facial and bi-facial passivated emitter and rear cell
(PERC) in [72], and the transportation distance. The majority of solar PV being installed
in Italy historically comes from China, which causes a long distance of transportation,
inevitably leading to metal and mineral resource use for transoceanic transportation fuels
and infrastructure. This urges the need to localise the production of solar PV components
and the recycling of decommissioned PV panels, for example, in the EU or even in Italy, to
reduce the transportation distance of the new or recycled solar PV.

The increase in RU-m intensity, together with the increasing demand for solar elec-
tricity, leads to the increase in the total amount of resource use for the Italian solar PV
sector and the amounts of specific and critical materials, including aluminium, copper,
nickel, magnesium, manganese, fluorspar, and silver. The increase is highest in aluminium
and copper, due to the large share of these metals in solar PV panels. The requirement
for aluminium rises from 9.8 ktonnes in 2010 to 130 ktonnes in 2040, and copper demand
increases from 462 tonnes in 2010 to 53.9 ktonnes in 2040. Apart from common materials for
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a PV system, such as aluminium, copper, glass, and silicon, the solar PV sector also requires
a large amount of other critical and strategic raw materials, such as silver, nickel, and
fluorspar. The dependence on these materials becomes heavier in the future, suggesting
the future of resource scarcity and the need for resource-efficient solar PV panels.

By applying recovery energy, recycling materials and reintegrating these recycled
materials into the economy, the resources needed for solar PV panels over their life cycle
might be reduced. The resource use intensity reduces from 5.12 g Sb eq to 5.11 g Sb eq per
MWh in 2030 and from 5.20 g Sb eq to 5.18 g Sb eq per MWh in 2040. For the Italian solar
PV sector, the resource use also reduces from 518 tonnes Sb eq to 516 tonnes Sb eq by 2030
and from 816 tonnes Sb eq to 814 tonnes Sb eq by 2040. The reduction is most obvious
in sand and calcite for solar glass and aluminium for wiring, in which demand for sand
reduces from 159 ktonnes to 152 ktonnes by 2030 and from 247 ktonnes to 236 ktonnes
by 2040. These findings are consistent with the work of [73], who demonstrated how CE
interventions such as recycling and EoL silicon recovery can significantly reduce primary
consumption of material, from 9.61 ktonnes to 4.08 ktonnes of quartz per GWp.

In addition, comparing these findings to the global resource demand for solar PV [69],
the Italian solar PV sector demand for metals and minerals is slightly less than 0.36%
of the global silver demand and less than 0.01% of the global indium demand by 2030.
These proportions will reduce marginally by 2040 as a result of the CE initiatives described
above. Xu et al. further noted that the global resource requirements are sensitive to the
solar PV technology choices [69]. For instance, in case silicon-based technologies such
as PERC and TOPCon are utilised to their fullest, the silver demand remains the same
while the indium demand is zero. However, the next-generation technologies, such as
tandem perovskite–silicon solar PV, would significantly increase the silver demand from
144 ktonnes to 1121 ktonnes and the indium demand from 0 to 209 ktonnes. Consequently,
it should be noted that while the CE interventions, such as recycling and recovery, bring
marginal gains, the technology choice will be the determining factor for the resource
demand in the future. This urges the need for eco-design of solar PV technologies to
bring the innovative technologies from the laboratory to the market. These innovative
technologies would deliver similar performance while consuming fewer resources and
causing less environmental impact for long-term environmental sustainability.

Apart from the material demand, other environmental impacts are reduced thanks to
the recycling. The reductions in environmental impacts come from both the use of virgin
materials to a lesser extent and the recovery of energy from recycling. Considering the life
cycle perspective, the 3R strategies not only bring the benefits of using less virgin mate-
rials and energy for the panels themselves but also reduce the impacts from background
processes to provide electricity, energy, materials and intermediate products required for
manufacturing panels and their components.

Under the 3R scenario, this study reports a GWP of approximately 75.9 kg CO2 eq per
MWh by 2040, which aligns with the GWP values reported in several studies globally. For
example, Tan et al. highlighted the range of CO2 emissions from solar PV from 26.76 to
93.79 kg CO2 eq per MWh, depending on the technologies and installation locations [74],
while Muteri et al. reported a higher range of 83 to 130 kg CO2 eq per MWh [42]. In
the case of recycling, the GWP of solar PV in Australia may reduce from 59 kg CO2 eq
in a landfilling scenario to 54 and 46 kg CO2 eq per MWh under the glass recycling and
full recycling scenarios, respectively [19]. Sun et al. further reinforced the environmental
benefits of recycling by estimating that recycling electrical and electronic equipment plastic
waste can reduce carbon emissions by 13% to 77% depending on the applied technology,
and potentially contribute up to 10.33 million tonnes of CO2 emission reduction by 2050
under the high-efficiency recycling conditions [75].
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In addition to the environmental benefits, recycling and reuse of solar PV systems
also brings significant social and economic benefits. On the economic side, developing a
robust PV recycling industry could create new green jobs in disassembly, material recov-
ery, logistics and remanufacturing. A study by IRENA estimates that solar PV recycling
could generate billions of dollars in recovered materials and support thousands of jobs
by 2050 [76,77]. On the social side, local recycling infrastructure can reduce dependence
on imported materials, increase energy resilience and contribute to regional development,
especially in regions transitioning from traditional energy sectors [78]. Furthermore, adopt-
ing circular business models such as “PV as a Service” not only reduces waste but also
reduces upfront costs for consumers, promoting broader access to clean energy [79]. These
socio-economic results strengthen the argument for integrating CE principles into national
PV deployment strategies.

While the findings highlight the environmental and material benefits of CE interven-
tions, a number of practical challenges remain in the collection and recycling of old solar
panels. First, logistical barriers exist due to the distributed nature of PV systems, particu-
larly rooftop systems, which make large-scale collection costly and time-consuming [80].
Second, technical difficulties arise from the complex multilayer structure of the panels, in
which valuable materials such as silicon, silver and indium are embedded in small quanti-
ties and require specialised equipment to separate them [81]. Third, the economic viability
of recycling remains limited, as the market value of recovered materials often does not
justify the high costs of disposal, especially in the absence of supportive policy frameworks
or extended producer responsibility schemes [82]. Furthermore, policy and regulatory
fragmentation slows the establishment of comprehensive EoL management systems across
regions [83]. Finally, data availability and traceability of installed PV systems are often
inadequate, hindering efforts to forecast volumes and plan effective EoL management [84].

Addressing these issues requires collaborative efforts of government, industry, and
academia to support infrastructure development, technological innovation, enforceable
EoL regulations and a supportive framework for the adoption of circular strategies. Future
research should focus on comprehensive assessments of PV’s contributions to CE, including
economic feasibility, policy frameworks, and life cycle sustainability. Strengthening these
areas will enhance the role of solar PV in creating a more resilient, resource-efficient, and
sustainable global energy system.

To improve the effectiveness of recycling and reuse of solar PV panels in practice,
several concrete steps are suggested as follows: (1) promoting eco-design strategies for
easy disassembly and material separation [85], (2) developing dedicated recycling infras-
tructure to handle composite PV components [86], (3) implementing extended producer
responsibility schemes to drive collection and material recovery [87,88], (4) standardising
labelling and material databases to support sorting and processing [89,90], (5) encouraging
business models such as repair and second-life reuse of panels [91], and (6) integrating
national PV tracking systems to support EoL planning [92]. These recommendations pro-
vide a practical foundation for translating circular economy strategies into real-world PV
system management.

Furthermore, solar PV systems can be exploited as a service. This circular business
model allows customers to pay for solar energy only, instead of buying the solar PV panels.
When the panels reach their EoL, the company will be responsible for repairing the broken
components, reusing the good ones and remanufacturing the whole panels, creating a
second life for the solar PV systems. This helps minimise resources and waste, reduce
production costs, and create additional economic value, consequently making solar energy
accessible for more households and businesses.
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This study provides practical value for policy, industry and academia. For the gov-
ernment, the research results are an important basis for developing a strategy to ensure
resource security, promote domestic solar equipment production and establish an effective
PV battery recovery and recycling system towards a circular economy. For businesses, the
“PV as a Service” model can be applied, allowing the reuse or refurbishment of equipment
at the end of its life cycle, reducing costs and waste generation. In the academic field, it is
necessary to continue researching advanced PV technologies with the aim of improving
environmental performance, recyclability and developing circular economic models in the
renewable energy industry.

One limitation of the study is the uncertainty of the projections of solar energy devel-
opment by technologies up to 2040. The installed capacity of solar PV by 2040 is based on
robust data sources and well-established assumptions [64]; however, the forecast in the
technology mix of the Italian solar PV sector is unavailable. As a result, this technology
mix has developed on the historical trend of Italy [63] and the literature of the global
trends [69]. Each technology has its unique material composition, especially for the cases
of emerging solar PV technologies such as perovskite solar cells, perovskite–silicon tandem
solar cells, and building-integrated solar PV; therefore, any change in the technology mix
will cause corresponding material demand. In addition, the uncertainties remain in the
market dynamics and policy shifts that may alter the pace of solar PV deployment and the
technology uptake. To address this, the scenario-based approach was adopted, using both
low and high solar penetration trajectories to bracket potential outcomes. In addition, the
sensitivity analysis supports the understanding of technology mix’s contributions to the
material demand. While absolute values may vary over time, the relative trends and in-
sights into material hotspots and circular opportunities remain reliable and policy relevant.
Incorporating ongoing improvements in PV efficiency, recycling technologies, and material
substitution into future assessments will further enhance forecasting accuracy.

6. Conclusions
This research provides a comprehensive life cycle assessment of material and envi-

ronmental impacts associated with the Italian solar PV sector from 2008 to 2040. The
increasing demand for critical and strategic raw materials—such as aluminium, copper,
and silver—alongside growing deployment scales, highlights the urgency of integrating
CE principles into national energy planning.

The study demonstrates that CE interventions like recycling and material recovery
can modestly reduce both resource use intensity and carbon emissions. However, the
results also underscore that these strategies alone are insufficient; future technological
choices will play a more decisive role in determining long-term sustainability. For instance,
next-generation solar technologies could dramatically shift material demands, requiring
proactive eco-design and innovation policies.

This work contributes to academia by extending the understanding of PV life cycle
impacts, providing a methodological basis for future studies, and identifying material
bottlenecks. It supports government policy-making by informing strategies for resource
security and circular infrastructure. For industry, the findings encourage the adoption of
eco-design strategies, circular business models and reuse and remanufacturing measures.
Ultimately, this research fills a crucial gap by connecting material demands with circular
innovations, paving the way for a more resilient and sustainable energy future.
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