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ABSTRACT

Spain and Italy stand out as frontrunners in renewable energy adoption, particularly
in photovoltaic (PV) technology, as part of the strategy for the Energetic Transition
to clean sources. However, as Europe progresses towards clean energies, manag-
ing the end-of-life waste from solar panels emerges as a pressing challenge. In the
coming years, the PV waste will grow exponentially, reaching 23 and 39 kt in 2030
in Italy and Spain, respectively. European regulations require that these wastes be
properly managed using Circular Economy techniques to maximise the recovery of
its components. Among these components, Si or Cu (CRM) are particularly import-
ant because of the supply risk and strategic importance to the EU. This study aims
to forecast the magnitude of this waste stream in Spain and Italy from 2024 to 2030,
both significant players in solar energy production, while also exploring the potential

1. INTRODUCTION

The general growing concern about global warming
led to the holding of the “United Nations Climate Change
Conference (COP21),” in 2018 in Paris, where the Paris
Agreements were established “to substantially reduce
greenhouse gas emissions to limit the global tempera-
ture increase this century to 2°C and to strive to limit this
increase to even more than just 1.5°C” (Balthasar et al.,
2019). These agreements forced an Energetic Transition
to cleaner energy sources, such as renewable energies, to
reduce greenhouse gas emissions (GHG) and the use of
fossil fuels, both are key factors against global warming
(Wolniak et al., 2022; Kumar, 2014). Since then, renewable
energies suffered a boost in the development and imple-
mentation (Balthasar et al., 2019; Hinrichs-Rahlwes, 2012).

The European Union (EU) is a strong and active propo-
nent of setting global ambitions and targets for climate
protection (Mtynarski, 2019). It has placed itself as one of
the world leaders in energy transformation, reducing GHG
emissions and substituting fossil fuel power generation
with renewable energy (Wolniak, 2022). Among all renewa-
bles, solar energy is one of the most abundant and poten-
tial sources, contributing to 26% of global energy produc-
tion (Kumar, 2014). Solar photovoltaic (PV), in particular,
has great potential in terms of both technical and sustaina-
ble solutions for energy needs (Kumar, 2014). The PV pow-

economic opportunities associated with its recycling.

er capacity in the EU is growing every year (Wolniak, 2022).
It peaked in 2011, with 70% capacity of the worldwide in-
stallations. Now, the EU market accounts for only 50% of
the worldwide PV capacity (Wolniak et al., 2022; Madsen
etal., 2019).

The role of Spain and Italy in the global energy market
should be highlighted because both countries are at the
head of the PV capacity in the EU (EurObservER, 2023).
These countries started with PV installations in the 90s, but
it was not until the early 2000s that they began to build in-
stallations consistently. The two countries have developed
this industry at different rates due to their circumstances.
Both had a subsidy system to encourage installation (Min-
isterio de Industria, Turismo y Comercio, 2008; Ministerio
de Industria, Turismo y Comercio, 2007).

In Spain, due to the financial crisis in 2008, the govern-
ment removed the funds. This marked the end of the first
Spanish “boom”, which lasted from 2006 to 2008 and rep-
resented 3.384 MW installed. The second boom began in
2018 and continues to this day. By the end of 2022, the to-
tal number of installations increased to 67.886 with a total
capacity of 22.256 MW.

The Italian growth period is only one and took place
from 2005 to 2015. It overlaps with the European growth
peak in 2011, when Italy had already installed 13.216 MW.
In 2022, there were 1.225.431 PV installations, with a total
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capacity of 25.064 MW. These figures highlight the differ-
ence in capacity of the Italian and Spanish PV installations,
as Italy is more focused on self-consumption and Spain on
industrial generation, which usually has bigger plants with
greater capacity.

When PV modules were first installed in the EU in the
2000s, they had a lifespan of 25 years; as the technology
progressed, the lifespan increased to 35 years in 2023 (Sul-
tan et al,, 2022). However, the capacity to transform light
into energy is not constant over the years. Up to 10 years,
the module’s transformation yield remains constant at
more than 90% of conversion. Then, it drops to 80% in 25
years. Some modules need to be replaced in these years,
generating waste. The expected end-of-life of the modules
combined with the number of installations in both coun-
tries raises concerns about the volume of waste that is go-
ing to be generated by PV modules (Marcuzzo et al., 2022;
Chowdhury et al., 2020) and the difficulties related to its
management.

This study analyses the forecast of waste generation
in Spain and Italy in the following years and assesses the
potential value of this specific waste toidentify the busi-
ness opportunity of PV recycling, in addition to the needs
regarding waste management and the Circular Economy
policies.

2. PHOTOVOLTAIC PANEL WASTE PRODUC-
TION

The data of the historical installations, together with
the end-of-life of the solar panels, provide a forecast of
the waste generation in the coming years. It is presented
in Figure 1.

The waste growth forecast for the coming years is ex-
ponential. Spain expects to reach 5 kt in 2025, while Italy
will not reach 5 kt until 2027. By 2030, Spain will be close
to 40 kt and Italy 25 kt.

The increase in waste is mainly due to the ageing of
the PV panels. As the first installations in Spain were built
between 2006 and 2008, the systems are now around 20
years old, and some will soon need to be replaced. The
boom in Italy came years later, and the situation will be the
same as in Spain, with a delay of a few years (around 2

years). As the years go by, the installations will become ob-
solete and produce more waste.

Although the specific number of facilities, their capaci-
ty and their age are available parameters, there is no clear
consensus on the rate of waste generation. Based on the
available literature, the amount of accumulated waste ex-
pected by 2030 in Spain is estimated to be between 71 and
180 kt (Santos et al.,, 2018), which is in line with the data
shown in the graph. On the contrary, the Italian prediction
is quite far from the data presented. In 2015, a forecast
predicted a waste accumulation in 2030 of 757 t compared
to the 23.000 t displayed in Figure 1 (Paiano, 2014). This
estimation only considers those installations before 2013,
while the model used in this research considers all instal-
lations until 2023. What can be said, for sure, is that PV
waste generation will increase exponentially in the coming
years and have to be managed.

3. PHOTOVOLTAIC PANEL WASTE VALUE

The waste generated by the PV industry is a potential
source of business, although PV waste processing still
presents some challenges in terms of economic feasibility
(Masoumian et al., 2015). The economic profit of PV recy-
cling is around 0,58 $/MW, which means around 0,0076 €/t
(Corcelli et al., 2018; Peeters et al., 2017). This small prof-
it potential, coupled with the challenges of proper waste
management and fluctuating commodity prices, makes PV
waste recycling a real challenge (Peeters et al., 2017).

In EEUU, which had a PV energy cumulative capacity
of 40.500 MW in 2020, 450 MS$ value creation is predicted
(Majewski et al., 2021) between 2030-2060 (Dominguez
et al,, 2019). Comparing the PV capacity of EEUU against
Spain and Italy’s capacities (11.700 MW and 21.700 MW,
respectively), it is possible to expect an interesting busi-
ness opportunity in both countries.

The average composition of PV panels based on the
bibliography (Paiano, 2014; Corcelli et al., 2018; Choi et al.,
2014; Latunussa et al.,, 2016), and the stock prices of dif-
ferent components sourced from the Mineral Commodity
Summaries report of the United States Geological Survey
(US Geological Survey, 2023; Mineral Commodity Summa-
ries, 2024; Di Giuseppe, 2020; Recycling, 2024) and differ-
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FIGURE 1: Forecast generation of Spanish and Italian PV waste from 2024 to 2030.
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ent bibliographies (EVA Prices, Monitor, 2024) have been
analyzed is displayed in Table 1.

Not all the Secondary Raw Materials (SRM) listed in the
previous table present potential for valorization. The eth-
ylene vinyl acetate (EVA) and the polyvinyl fluoride (PVF)
are not always recoverable from the thermal processes
applied for the PV waste recovery (Majewski et al., 2021;
Latunussa et al., 2016). The recycling yield of each material
indicated in the previous table is based on the bibliography
(Dominguez et al., 2019; Choi et al., 2014). However, it is
strongly dependent on the recycling technique. Moreover,
Silicon and Silver show very high recycling rate, which can
not be reached with standard mechanical techniques but
with a reduction technology expected in 2026 (Dominguez
etal., 2019).

The combination of the recycling yield with the current
price of basic materials and metals (US Geological Survey,
2023; Mineral Commodity Summaries, 2024; Di Giuseppe,
2020; Recycling, 2024) provides an initial estimation of the
PV waste value of 748,07 €/ t.

Based on the waste production data per year, the ex-
pected business opportunity from PV recycling for each
country is shown in Table 2.

Considering only the potential revalorization of metals
and glass for the estimated PV waste generation, the po-
tential business opportunity for PV waste recycling in Italy,
together with Spain, is around 133 M€.

However, another study established a maximum OPEX
of 596 €/t to produce silicon of metallurgy grade (Spath
et al., 2022), which would reduce the PV waste recycling

business in Spain and Italy to around 27 M€ in the next six
years.

All this underlines the importance and fundamental
role of recycling technologies. It also shows that they will
be a key factor in solving the waste management prob-
lem. However, there is room for improvement in terms of
economic viability, the key factor being the development
of improved technologies for the recovery of the various
components.

Several promising techniques for the recovery of the
main metals are currently available in Europe (Aravelli et al.,
2021; Dias et al., 2019; Dias et al., 2018; Dias et al., 2016).
One of these opportunities is developed in the PARSIVAL
project, whose main objective is to recover and recycle sil-
icon from solar cells and reuse it for different applications
such as Li-ion batteries, ferroalloys, and after a purification
process, again in PV cells.

4. CONCLUSIONS

This research shows that with the development of solar
PV energy in Europe and the installations made during the
2000s, especially in Spain and Italy, they will face the chal-
lenge of the imminent generation of waste from PV panels.
By 2030, these two countries will account for around 65 kt
of PV waste.

Proper management of this waste is essential to raise
a sustainable business model along the entire value chain
and also to achieve the actual transition to clean energies.
Although this management can be a challenge, it creates
an opportunity for a source of Secondary Raw Materials.

TABLE 1: General composition of PV waste and unit value of the components in the market.

Secondary Raw Materials

(SRM) Composition (kg/t) Recycling yield (%) PV waste value (€/ PV 1) Stock Price (€/ton)
Glass 739,42 96,96% 46,60 65,00
Al 166,30 100,00% 402,20 2.418,55
Cu 20,96 88,89% 122,26 6.562,02
Ethylene vinyl acetate (EVA) 81,76 3.166,67
Polyvinyl fluoride (PVF) 35,27 8,26
Si metal 39,96 92,31% 144,11 3.907,08
Ag 0,06 95,00% 32,90 588.119,66
Others 11,60
Total 1000 748,07
TABLE 2: Estimation of the PV waste value per year in the Spanish and Italian market.
Secondary Raw Materials (SRM) Italy (€) Spain (€) Total (€)
2024 1.054.380 2.299.634 3.354.015
2025 1.822.489 3.782.871 5.605.360
2026 3.040.429 6.036.272 9.076.702
2027 4.909.806 9.355.719 14.265.525
2028 7.691.330 14.092.824 21.784.154
2029 11.705.538 20.628.461 32.334.000
2030 17.321.172 29.316.754 46.637.926
Total 47.545.145 85.512.538 133.057.684
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This business opportunity should be deeply analysed,
considering not only the income but also the operating
costs.

From the PV waste components with recycling poten-
tial, aluminium is the most valuable element because of
its high content, and silver due to the high-market value
of the metal. Silicon and copper are important, not only
due to their economic value but also due to their supply
risk in the EU, which makes them Critical Raw Materials.
Currently, the PV waste value is estimated to be around
748 €/t.

Currently, there are several PV waste recycling tech-
nigues in development, and the main challenge is to devel-
op a recycling process with low operative costs to make
it economically feasible for SRM recovery. The PARSIVAL
project is an example of this and could improve the sus-
tainable supply of raw materials to the EU.

In any case, the business potential in Italy and Spain
over the next five to six years is promising. Approximate-
ly 85 M€ (gross revenues) can be obtained for PV waste
treatment.

There are several issues that are out of the scope of
this publication but should be analysed in order to better
understand the future of this waste. Firstly, a deep study
and validation of the model used for waste forecasting is
needed. This model could be applied to other countries of
the EU to analyse the business potential as a whole. In ad-
dition, an in-depth analysis of the recycling techniques is
needed to identify the value of the products (metals) ob-
tained. In particular, the grade of silicon metal obtained
from the PV waste recycling is a key parameter. Finally, it is
necessary to know the costs of the recycling operations in
order to analyse the overall economic viability.
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