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Abstract: According to Ember (2024), over 40% of global electricity was generated from clean sources,
with solar power as the fastest growing and most significant new energy contributor. This paper explores
the link between the materials used in solar power systems and their environmental impact, within the
framework of the Green Agenda for the Western Balkans 2050.

Through a life cycle analysis of photovoltaic (PV) systems, key materials (silicon, glass, aluminum, cop-
per, lithium, polymers) are assessed for their recyclability and ecological impact, compared to fossil fuel
sources. Special focus is placed on the environmental advantages of decentralized solar systems - such as
air quality preservation, transmission efficiency, and reduced land degradation- relative to conventional
infrastructure.

The paper emphasizes the role of circular economy principles in managing solar panel waste, advocating
for robust take-back and recycling programs. When properly designed and located outside sensitive habi-
tats, solar energy is arguably the most sustainable form of electricity production in the 21* century.

The conclusion highlights the importance of sustainable material use in achieving energy and climate goals,
urging Western Balkan countries to accelerate the adoption of renewable energy technologies and align
with EU environmental policies.
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1. INTRODUCTION

Over the past decade, the energy sector has
undergone substantial transformations driven by the
global need to reduce greenhouse gas emissions and
preserve the environment. One of the key elements
of this transition is the intensified development of re-
newable energy sources, with solar energy assuming
a central role in the future energy landscape due to
technological advances and declining costs.

According to Ember (2024), more than 40 per-
cent of global electricity generation now comes from
clean energy sources, and solar power represents the
fastest-growing source of electricity in the world. Its
technological advantages and widespread availabili-
ty make it highly suitable for applications in urban,

industrial, and rural areas, particularly within decen-
tralized energy systems, thereby contributing to en-
ergy security, resilience, and inclusiveness across the
globe.

However, the increasing deployment of photo-
voltaic (PV) systems also raises important questions
regarding the sustainability of the materials used in
their construction, as well as their environmental im-
pact throughout the entire life cycle, from manufac-
turing and operation to end-of-life management. In
the era of the circular economy, the handling of waste
arising from decommissioned or aged PV modules is
becoming an increasingly urgent issue. This requires
careful analysis and the development of strategies
for proper collection, recycling, or reuse of com-
ponents while minimizing environmental impact.
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In this context, the purpose of this paper is to ana-
lyze the relationship between the materials used in
the solar industry and environmental protection, with
a particular focus on identifying the most sustainable
solutions in design, material innovation, and align-
ment with strategic directions for sustainable deve-
lopment.

According to the Energy Strategy of the
Republic of Srpska until 2035, renewable energy
sources (RES) play a key role in the future ener-
gy mix. The document projects an increase in the
share of RES in electricity production from around
36 percent in 2015 to more than 50 percent by
2035. The most substantial growth is expected in
the solar and wind sectors, owing to technologi-
cal advancements and resource availability. The
strategy also emphasizes the need to enhance en-
ergy efficiency, reduce dependence on fossil fuels,
and introduce advanced and smart energy systems.
The adoption of modern technologies, including
advanced PV modules, as well as improvements in
domestic capacities for the production and instal-
lation of solar systems, have been identified as pri-
orities for creating new jobs, advancing the green
economy, and strengthening energy independence.
The strategy additionally highlights the need for a
clearer regulatory framework that will ensure sus-
tainable management of solar infrastructure at the
end of its service life, including recycling and reuse
of components.

The research presented in this paper is there-
fore directly aligned with the vision and goals of
the energy policy of the Republic of Srpska and
may significantly contribute to improved strategic
planning, policy development, and the promotion
of sustainable solutions in the field of renewable
energy sources.

2. MATERIALS IN PHOTOVOLTAIC
SYSTEMS

Photovoltaic (PV) systems consist of several
components, among which the most significant are
PV modules (solar panels), supporting structures,
electrical installations, current conversion devices
(inverters), and energy storage systems. The materi-
als used in manufacturing these components play a
crucial role in determining their total environmental
impact and potential influence on human health.

2.1 Silicon

Silicon is the primary semiconductor mate-
rial used in solar cells, especially in monocrystal-
line and polycrystalline panels, which dominate the
global market. Its advantages include stability, high
efficiency, and long service life. However, the pro-
duction of high-purity silicon is energy intensive and
requires controlled processing conditions, presenting
certain environmental challenges.

2.2 Glass

The front surface of most PV modules is cov-
ered with tempered, high-transparency glass. Glass
provides mechanical protection and contributes to
module longevity. It is fully recyclable, making it a
favorable material within the circular economy model.

2.3 Aluminum

Aluminum is commonly used for PV module
frames and mounting structures. Its low weight, cor-
rosion resistance, and recyclability position it among
the more environmentally acceptable materials,
especially when sourced from recycled inputs.

2.4 Copper

Copper is used in wiring and internal electrical
components. Although more expensive than some
other metals, its electrical conductivity and durabili-
ty are essential for overall system efficiency. Copper
is also highly recyclable.

2.5 Lithium and other battery components

In systems equipped with energy storage, par-
ticularly those using lithium-ion batteries, materials
such as lithium, cobalt, nickel, and graphite play a
major role. These materials carry considerable envi-
ronmental and social burdens due to mining practic-
es and processing methods, necessitating responsible
resource management and the development of alter-
native technologies.

2.6 Polymers

Polymeric materials are used for encapsulat-
ing solar cells and providing insulation. While they
improve water resistance and mechanical stability,
most polymers are difficult to recycle, posing chal-
lenges at the end-of-life stage.
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2.7 Nanomaterials

Nanomaterials represent a new generation
of engineered materials increasingly explored in
photovoltaic applications due to their exception-
al optical, electronic, and mechanical properties.
Nanostructured layers can significantly improve
light absorption, reduce reflection, and enhance the
energy conversion efficiency of solar cells. Their
use is particularly relevant in thin-film and per-
ovskite PV modules, where they enable better con-
trol of photon flow and enhanced thermal stability.
According to the publication Nanomaterials and En-
ergy by D. Mirjani¢ (ASARS, 2021), (. Mupjanuh,
Hanomamepujanu u enepeuja, AHYPC, bawa Jlyka
2021) the importance of nanoengineering lies in its
potential to reduce material costs and improve recy-
clability, making nanomaterials highly suitable in the
context of the circular economy and sustainable de-
velopment of the solar industry.

3. LIFE CYCLE AND ENVIRONMENTAL
IMPACT

Life Cycle Assessment (LCA) is a key tool
used to evaluate the overall environmental impact of
photovoltaic (PV) systems. The objective of the LCA
methodology is to encompass all stages of a product’s
life cycle, from raw material extraction, component
manufacturing, transportation, installation, and use,
to end-of-life disposal or recycling. Such analysis
enables decision-makers, engineers, and researchers
to identify critical points with the highest environ-
mental impact and propose mitigation measures.

Given the widespread application of solar en-
ergy within the global energy transition, integrating
LCA analyses into PV project planning and develop-
ment has become an essential component of environ-
mentally responsible management.

3.1 Material production and processing

The extraction and processing of key mate-
rials used in PV systems, such as mono- and poly-
crystalline silicon, aluminum, copper, and lithium,
represent the most energy-intensive phase in terms
of consumption and emissions. The production of
high-purity silicon (accounting for 80—90 percent of
the global PV module market) requires arc furnaces
and chemical processing, both of which are energy
intensive and often reliant on fossil fuels, significant-

ly increasing the carbon footprint of the early life-cy-
cle phase.

Mining and processing of copper and lithi-
um, used in wiring, conductors, and energy storage
batteries, may lead to land degradation, groundwa-
ter contamination, and biodiversity loss. This phase
is consistently identified as critical in LCA studies,
motivating increased interest in alternative, more en-
vironmentally friendly materials and technologies,
such as perovskite PV modules and recycled alumi-
num.

3.2 Use and operation

The operational phase of PV systems is the
most environmentally efficient. During electricity
generation, PV systems produce no direct CO2 emis-
sions, require no water consumption, release no air
pollutants, and generate no noise. These qualities
make them suitable for both urban and rural envi-
ronments and for installation on existing structures
(such as rooftops), reducing the need for additional
land use.

The average service life of PV modules ranges
from 25 to 30 years, with many continuing to operate
beyond the rated lifespan but at reduced efficiency.
The Energy Payback Time (EPBT), defined as the
time required for a PV system to generate the amount
of energy used to produce it, typically ranges from
1.5 to 3 years. This means that, over its lifetime, a PV
system produces 8 to 20 times more energy than was
consumed in its manufacturing, one of the technolo-
gy’s most significant advantages.

3.3 End of life: disposal and recycling

At the end of their service life, PV modules
become part of the rapidly growing waste stream of
electrical and electronic equipment (e-waste), requir-
ing specialized management. Although more than 80
percent of PV module components (glass, aluminum,
copper) can be effectively recycled, substantial tech-
nological and logistical barriers remain. Challenges
often arise in separating and processing polymers,
thin films, and certain toxic materials such as cad-
mium or lead (present in some module types), whose
improper disposal may contaminate the environment.

According to the International Renewable
Energy Agency (IRENA), global PV waste could
exceed 78 million tonnes by 2050. This trend rep-
resents both a challenge and an opportunity: the
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development of collection, recycling, and reuse
systems for PV components may create new jobs,
support the circular economy, and significantly re-
duce reliance on primary raw materials.

3.4 Comparison with traditional energy sources

A comparative life-cycle analysis of PV sys-
tems with traditional energy sources such as coal,
fuel oil, and natural gas clearly demonstrates the en-
vironmental superiority of solar energy. While coal-
fired power plants may emit more than 900 g CO- per
kWh, PV systems typically generate fewer than 50 g
CO: per kWh over their entire life cycle, including
the manufacturing stage.

Furthermore, PV systems do not require water
for cooling and emit no sulfur dioxide (SO2), nitro-
gen oxides (NOy), or heavy metals, all of which are
associated with acid rain and ecosystem degrada-
tion. Despite certain environmental burdens during
the manufacturing phase, solar energy remains one
of the cleanest and most environmentally acceptable
energy options available today.

4. ADVANTAGES OF DECENTRALIZED
SOLAR SYSTEMS

Decentralized solar systems are a key com-
ponent of the ongoing transition toward sustain-
able, efficient, and climate-neutral energy models.
They enable electricity production close to the end
user, reducing dependence on centralized grids, in-
creasing system resilience, and strengthening the
involvement of local communities in energy man-
agement.

According to pilot projects conducted in the
Republic of Srpska (unpublished), decentralized PV
installations installed on public buildings in three

municipalities have reduced monthly electricity
costs by up to 38 percent, with investment payback
periods ranging from 6 to 8 years. Users also report-
ed increased control over energy expenditures and
enhanced energy security during periods of market
instability.

4.1 Reduction of transmission losses

By generating electricity close to the point of
consumption (Figure 1: Example of a solar power
plant on rooftops of homes, schools, and hospitals),
transmission losses, which in conventional systems
may reach 68 percent, are practically eliminated. In
an internal energy-efficiency analysis of an industrial
zone in Banja Luka (2024), the transition to a hybrid
model reduced total technical losses by 5.7 percent
compared to the previous year. This improvement
also contributed to increased grid stability, particu-
larly during peak-demand periods.

4.2 Reduction of Emissions and Improvement
of Air Quality

Eliminating the combustion of fossil fuels
means that decentralized solar systems produce no
direct CO2, SO2, or NOy emissions, nor particulate
matter associated with respiratory diseases. In Bos-
nia and Herzegovina, as well as across Central and
Eastern Europe, winter peaks in suspended particu-
late matter (PM pollution) are largely linked to the
combustion of solid fuels in households. Increasing
the share of solar PV systems in electricity gen-
eration has been shown to reduce SOz, NOy, and
PM emissions by displacing generation from fossil
fuel power plants, which yields measurable pub-
lic health benefits. Therefore, the local expansion
of PV installations is expected to contribute to im-

Figure 1. Appearance of a Solar Power Plant
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proved air quality, particularly during the heating
season, while simultaneously lowering energy costs
for households.

4.3 Minimal Physical Impact on Land

Unlike large hydropower plants or wind farms,
rooftop solar PV systems do not require additional
land area. In rural regions where the preservation of
agricultural and forest land is essential, this advan-
tage enables the parallel development of the energy
and agricultural sectors. As a result, soil degradation,
habitat fragmentation, and the loss of agricultural
land are avoided. The International Renewable Ener-
gy Agency (IRENA) emphasizes that this character-
istic is one of the key advantages of rooftop installa-
tions compared to centralized solar farms or parks, as
it allows energy development without competing for
space. Furthermore, the implementation of agrivol-
taics (dual land use) has demonstrated that placing
solar panels above arable land can even improve the
microclimate and reduce evaporation, thereby con-
tributing to soil fertility conservation and sustainable
agriculture.

In the Netherlands, approximately ten agrivol-
taic installations are currently being implemented (as
of March 2024), enabling the joint use of land for
energy production and agriculture, particularly under
conditions of limited available land area. (Source:
Agrivoltaic Project in the Netherlands, Innovation
Origins, 2024)

4.4 Energy Independence and Resilience

Decentralized systems are particularly valu-
able in the context of climate change and increasingly

Figure 2. lllustration of Agrivoltaics and Development Practices in the Netherlands

frequent extreme weather events. Systems equipped
with battery storage or hybrid support allow facili-
ties to operate even during grid outages. In the pilot
project implemented at a school in Prijedor, the in-
stallation of a solar system with an 18 kWh battery
enabled uninterrupted teaching during two supply
interruptions in February 2024. Such interventions
directly enhance community resilience.

5. CIRCULAR ECONOMY AND PV
SYSTEM WASTE MANAGEMENT

The growing use of solar energy also brings
an increasing responsibility for managing the waste
generated at the end of the lifecycle of photovoltaic
(PV) systems. Global PV waste is expected to ex-
ceed 70 million tons by 2050, with a significant share
coming from developing countries that currently lack
adequate management mechanisms. For this reason,
integrating circular economy principles into the solar
sector has become a key imperative for sustainable
development.

5.1 Circular Economy Principles
in the Solar Sector

The circular economy aims to extend the lifes-
pan of products and materials through reuse, repair,
remanufacturing, and recycling. In the context of PV
systems, this includes:

— Designing modules suitable for disassembly

— Using non-toxic and recyclable components
(silicon, glass, aluminum)

— Reducing reliance on difficult-to-process
polymers and lead-based soldering
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5.2 Challenges in PV Module Recycling

Although glass and aluminum can be relative-
ly easily recovered, the greatest technological chal-
lenge lies in separating thin layers of silicon, poly-
mers, and soldered components. These processes
require expensive equipment and chemical treatment
that are not yet commercially widespread, particular-
ly in the Western Balkans region.

5.3 Need for Institutional Frameworks

To implement circular economy principles in
the solar sector, it is necessary to analyze existing
differences between the EU and the Western Bal-
kans. A comparative analysis (Table 1) of the Euro-
pean Union and the Western Balkans shows signif-
icant differences in institutional capacity for man-
aging PV system waste. While the European Union
has well-developed institutional and technological
mechanisms for PV waste management, the Western
Balkan countries are largely in the early stages of es-
tablishing similar frameworks.

Table 1. Comparative Analysis of Institutional
Capacities for PV Waste Management

Western
Category EU Balkans
Legal framework Yes (WEEE .
for PV waste Directive) Partial /No
MandaFory Yes No
recycling
Spegah;ed 'PV Cycle, ' None
organizations national agencies
Recyc'h.ng Developed Insufficient
capacities
EPR policy
(producer Yes Emerging
responsibility)
PV system Exists Does. not
registry exist

Note: This analysis is the author’s work, based on
a comparative review of official European sources (the
WEEE Directive, reports from the European Environment
Agency — EEA, IRENA, PV Cycle) and assessments of
the current situation in the Western Balkan countries, in-
cluding the Republic of Srpska.

6. STRATEGIC FRAMEWORK
OF THE REPUBLIC OF SRPSKA:
CLIMATE AND ENERGY POLICY

The Republic of Srpska, as part of the broad-
er energy transition process in the Western Balkans,
has defined a series of strategic documents aimed at
aligning with the European Union’s climate goals
and promoting the use of renewable energy sources,
including solar energy.

6.1 Energy Strategy of the
Republic of Srpska until 2035

This document serves as a framework for the
development of the energy sector, with an emphasis
on:

—increasing the share of renewable sources in
total electricity production,

—improving energy efficiency,

—strengthening decentralized production, and

—encouraging investment in small and medi-
um-sized solar systems.

According to projections, solar energy is ex-
pected to constitute a significant portion of newly
installed capacity by 2035. The introduction of more
flexible regulatory measures and subsidies plays a
key role in achieving this goal.

6.2 Climate Change Adaptation Strategy

The Republic of Srpska recognizes climate
change as one of the greatest threats to long-term de-
velopment. The strategy prioritizes:

—reducing greenhouse gas emissions,

—improving the resilience of energy infra-
structure,

—public education, and

—enhancing monitoring and reporting of emis-
sions.

Solar energy, as a low-emission technology
with significant potential for local application, rep-
resents a direct response to climate challenges.

6.3 Green Agenda for the Western Balkans

In line with the “Green Agenda” adopted by
the European Commission for the region, the inte-
gration of the Republic of Srpska’s strategies with
goals such as:

—decarbonization of the economy,
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—introduction of a circular economy,

—biodiversity protection, and

—increased investment in clean technologies,
is anticipated.

The implementation of mechanisms such as
emissions trading systems and carbon taxation will
further accelerate the transition to renewables, giving
solar energy an even stronger strategic role.

7. CHALLENGES AND
RECOMMENDATIONS

Despite the numerous advantages of solar en-
ergy, enhancing its sustainability requires overcom-
ing several challenges. A key issue is the limited in-
frastructure for the collection and recycling of used
PV modules, which may lead to the accumulation of
electronic waste and environmental pollution. Addi-
tionally, the production of certain materials, particu-
larly lithium, cobalt, and silicon, is associated with
significant environmental and social costs, including
water pollution and labor rights violations in export-
ing countries.

Insufficient application of eco-design in solar
equipment manufacturing limits the ease of disassem-
bly and recycling, while the lack of national programs
and incentives for a circular economy slows prog-
ress in this direction. Furthermore, there is a need for
greater public education, especially in rural areas, on
the importance of decentralized renewable systems.

Recommendations:

— Establish a regulatory framework that oblig-
es solar equipment manufacturers and importers to
implement an Extended Producer Responsibility
(EPR) system.

—Introduce financial incentives for eco-de-
sign, the use of recycled materials, and the develop-
ment of local waste processing capacities.

—Invest in research and development of alter-
native, less harmful materials for energy storage and
production.

— Align national strategies with the EU Green
Agenda principles, supported by cross-border initia-
tives.

—Increase data availability and transparency
regarding the life cycle of PV systems and their en-
vironmental impact.

— Educate local populations and technical staff
to enable practical implementation of circular econ-
omy principles.

8. CONCLUSION

Solar energy represents one of the most im-
portant drivers of the transition to sustainable and
climate-neutral energy systems. Through proper se-
lection and management of materials, it is possible
to significantly reduce the environmental impact of
photovoltaic systems while simultaneously strength-
ening energy independence and economic develop-
ment. Decentralized solar systems, based on circular
economy and eco-design principles, offer solutions
that are technologically, environmentally, and social-
ly sustainable.

If the Republic of Srpska continues to devel-
op its regulatory, institutional, and technical capaci-
ties in line with the Energy Strategy and the Green
Agenda, solar energy could become a key pillar for
achieving climate targets by 2050. A sustainable fu-
ture requires a systemic approach, cross-sectoral col-
laboration, and continuous investment in innovation,
education, and natural resource protection.
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AKNBOTHA CPEAUHA U MATEPUJAJIN
3A OBHOB/bUBE U3BOPE EHEPI'NJE

Cazkerak: [Ipema u3Bjemrajy opranuzamuje Ember (2024), Bumre ox 40% rimobanHe enexkTpuIHe eHep-
THje IPOU3BECHO je U3 YNCTHX M3BOpa, IIPH YeMY je ColapHa eHeprija Hajopxke pactyhu u Haj3HaUaj-
HHUjU HOBH M3BOp CTpyje y cujeTy. OBaj pam pa3marpa ogHOC W3Mel)y Marepujaia KOju ce KOPHUCTE Y
U3TPAJIbH CONAPHUX CJICKTPAaHa U BUXOBOT YTHIAja Ha 3AIUTUTY KMBOTHE CPEIMHE y CBHjETIy 3eJeHe

arenje 3a 3anaguu bankan 1o 2050. roguHe.

Kpo3z anannsy nukiyca ®uBOTHOT BHjeka Qoronanonckux (PV) cucrema, pasmarpajy ce BpcTe mare-
pujana (CHIMLHUjyM, CTaKJIO, alyMUHHjyM, Oakap, JUTHjyM, ITOJIMMEPH), HHX0BA PEHUKIA0MIHOCT 1
EKOJIOIIKH YTHIIA] Y OHOCY Ha TpaJulnoHaHe u3Bope eHepruje. [locedHa nmaxma nocseheHa je yino3u
JICLIEHTPATM30BaHNX COJIAPHUX CUCTEMA Y OUyBarby KBAJIUTETa Ba3ayXa, CMambelhy I'yOUTaKa y mpeHocy
CHEpruje 1 0YyBarmby OHOAMBEP3UTETa — y3 MUHMMAJIaH (GU3UYKK YTHUIIA] HA 3eMJBHINTE y lopehemy ca

JPYTUM HHOPACTPYKTYPHUM pjelICHHMA.

VY pany ce Takolje aHanM3Mpa 3Ha4Yaj MUPKYJIAPHE CKOHOMHE]E Y MPOU3BOIBM U OIaramy COJapHe Oll-
peme, Te HarIamasa orpeda 3a ycrocTaB/bambeM CHCTEMA 3a CKYIJbambe M PeluKiIaxy PV Moxyia, kao
jeIHe o1 KJbYUHHX Mjepa 3aIlTHTe )XKUBOTHE cpeanHe. ComapHa eHepruja, yKOIUKO ce IUIaHUpa | U3BO-
IH y CKJIaay ca CTaHgapauMa M peryiaruBama (HIIP. H3BaH OCjeTJBUBHX €KOCHCTEMa, Ca MHHUMAITHIM
Tej3KHAM yTHIAjeM), TIPeACTaBba HajOAPKUBUjU OOJIMK MPOU3BOIC CNEKTpUYHE eHepruje y XXI

BU]jEKY.

3akJpyuyje ce Ja je u300p U ynpaBibarbe MaTepHjainMa 3a COIapHe eleKTpaHe Kiby4aH GakTop y ode-
30jehuBamy OPXKHUBOT pa3Boja M OUyBamby )KUBOTHE CPEIMHE, TE Jia ApkaBe 3anaaHor baiakana Mopajy
yOp3aru yckinahuBame ca EY kimuMarcknm nuibeBUMa Kpo3 MOJPIIKY 3€JICHUM TEXHOJIOTHjaMa | JIOKaJI-

HY TIPOW3BO/IIbY OOHOBJBHBE CHEPIH]E.

Kibyune pujeun: oOHOBIBMBY M3BOPH eHepruje, (OTOHANOHCKH CHCTEMH, MaTepH]jajy, 3alTuTa K1-

BOTHE CPCAUHEC, 3CJICHA TpaH3I/IHI/Ija.
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