G Lot
¢ University

Comprehensive prospective environmental assessment of innovative
photovoltaic technologies: Integration into electricity grids in Finland,
Germany, and Spain

Parascanu Maria Magdalena, Keiner Dominik, Breyer Christian, Macé Philippe,
Lizasoain-Arteaga Esther

This is a Author's accepted manuscript (AAM) version of a publication

published by Elsevier

in Energy

DOIl: 10.1016/j.energy.2025.134454

Copyright of the original publication:
© 2025 The Authors. Published by Elsevier Ltd.

Please cite the publication as follows:

Parascanu M.M., Keiner D., Breyer C., Macé P., Lizasoain-Arteaga E. (2025). Comprehensive
prospective environmental assessment of innovative photovoltaic technologies: Integration into
electricity grids in Finland, Germany, and Spain. Energy, Vol 315, 134454. DOI: 10.1016/j.
energy.2025.134454

This is a parallel published version of an original publication.
This version can differ from the original published article.



Comprehensive Prospective Environmental Assessment of
Innovative Photovoltaic Technologies: Integration into Electricity

Grids in Finland, Germany, and Spain

Maria Magdalena Parascanu®, Dominik Keiner?, Christian Breyer?, Philippe Macé®, Esther
Lizasoain-Arteaga®*

* (corresponding author): esther.lizasoain@tecnalia.com

ITECNALIA, Basque Research and Technology Alliance (BRTA), Astondo Bidea, Edificio
700, Derio, 48160, Spain

2School of Energy Systems, LUT University, Y liopistonkatu 34, 53850 Lappeenranta, Finland
3 Becquerel Institute, Rue de Praetere 2, 1000 Brussels, Belgium.



Abstract

This study evaluates the environmental performance of advanced solar photovoltaic
technologies, including floating, bifacial ground-mounted, and building-integrated
photovoltaics systems, compared to conventional technologies in Finland, Germany and
Spain from 2022 to 2050. A novel aspect of this research is the integration of multiple
photovoltaics technologies, time horizons (2022, 2030, and 2050), and climatic zones,
providing a more complete understanding of their lifecycle impacts. The study uses a
prospective life cycle assessment approach, offering scenario-based projections to assess
future environmental impacts under changing energy mixes and climatic conditions. The
results highlight the critical role of local solar irradiation, as seen in the higher carbon
footprint of floating photovoltaic systems in Murcia (30.2 gCO2/kWh, 2022) than in
Lappeenranta (15.7 gCO2/kWh). Over time, environmental impacts decrease
significantly; floating photovoltaics in Murcia reduces to 17.5 gCO2/kWh in 2050, and
bifacial systems drop from to 14.9 gCO2/kWh. Overall, bifacial systems have the lowest
environmental impact, followed by floating photovoltaics, while building-integrated
systems show the highest impact. The findings highlight the critical importance of
transitioning to renewable energy in electricity grids to reduce environmental impacts,
while emphasizing the role of location-specific factors, technological advancements, and
evolving energy systems in shaping the environmental performance of photovoltaics

technologies.

Keywords: Prospective Life Cycle Assessment, Photovoltaics Systems, Time horizons,
Climatic zones, Grid Electricity



1. Introduction

At the 2015 Paris Summit (COP21), the Paris Agreement was established to limit global
temperature rise to well below 2°C, ideally to 1.5°C above the pre-industrial level [1]. At
the COP28 in 2023, it

was clear that these targets were not on track, underscoring the need for effective,
affordable mitigation strategies, particularly in developing countries [2]. Renewable
energy has emerged as crucial for addressing climate change and advancing a low-carbon
economy. The European Commission emphasises that transitioning to renewable energy
can enhance energy security, reduce costs, decrease fossil fuel use, and prevent further
greenhouse gas emissions [1]. This corresponds to academic studies on the energy

transition of Europe [3].

In this sense, solar photovoltaics (PV) technology began to be seen as a critical renewable
energy source due to its abundant availability, scalability, and decreasing costs [4,5]. PV
systems offer significant advantages, including high flexibility and lower operating costs.
Its modular nature allows easy adaptation to various applications, from small-scale
distributed generation to large industrial-scale and utility-scale installations, with minimal

operational and maintenance requirements [4,6].

Technological advances such as floating panels, bifacial modules, and building-integrated
photovoltaics (BIPV) systems have expanded the scope of solar PV applications,
improving its versatility and accessibility. These innovations contributed to sustainable

development by improving efficiency and reducing environmental impact [7-10].

Life Cycle Assessment (LCA) has become an essential tool for comprehensively
evaluating the environmental impacts of PV systems [11-13]. A vast body of literature
supports conducting LCA for various PV systems. Several papers were focused not only
on general LCA analyses for PV systems [14-18] but also on more advanced PV
technologies, including bifacial PV [19-22], floating PV [23-25], and BIPV systems
[7,26-29].

For example, the study by Jia et al. [30] assessed the environmental impact of monofacial
and bifacial passivated emitter rear cell (PERC) modules using LCA. It found that bifacial

modules, generating 23% more electricity without increasing material or energy use, had
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a lower environmental impact. The study emphasised the role of wafer size, material
choice, and ground conditions in reducing impact, with recycling at end-of-life further
lowering environmental burdens. The study conducted by Li et al. [31] explored the
application of bifacial modules on buildings, highlighting their ability to utilise both
direct solar irradiation and reflected irradiation from building surfaces to generate
electricity, improving power generation efficiency by 10.7%-12.7% compared to
monofacial modules. The results showed that bifacial modules not only recover energy
demands and environmental impacts over their lifecycle but also offer significant
economic benefits. Krexner et al. [32] evaluated the environmental impacts of
agrivoltaics systems, comparing tilted and vertical bifacial configurations with mono-use
agriculture or PV scenarios. Using LCA with system expansion, the study found that
agrivoltaics systems reduced impacts in some categories compared to agriculture with
Austrian average electricity, but not with green electricity. Vertical bifacial

configurations had lower impacts than tilted ones due to reduced material demands.

On the other hand, Cuce et al. [23] reviewed floating PV power plants, highlighting
benefits like land conservation, improved efficiency, reduced evaporation, and enhanced
water quality. The largest floating PV plant in Anhui, China, shows economic and
environmental advantages with a payback period under seven years and annual carbon
savings of 199,500 tCO, Cromratie et al. [24] assessed floating PV systems in Thailand,
finding a lower levelised cost of electricity at 0.24 US$/kWh and a 7.5-year payback.
Covering 10% of 21 reservoirs could allow for potentially 6.52 GW of installed capacity,
surpassing Thailand’s 2036 targets. While floating systems reduce impacts on ozone
depletion and particulate matter, they emit more greenhouse gases. The International
Energy Agency (IEA) [33] assessed the carbon footprint of floating PV systems,
comparing them with ground-mounted systems. The carbon footprints for the floating
systems were 1280 kgCO-eq and 1300 kgCO2 eq per KWp, compared to 1100 kgCOzeq for
ground-mounted systems. The higher footprint was mainly due to PV module
manufacturing (60-61%), followed by the support structure (17-27%) and end-of-life
treatment (7-15%).

Finally, for the BIPV, Ritzen et al. [27] evaluated the environmental impact of BIPV
using three PV technologies: amorphous silicon (a-Si), multi-crystalline / polycrystalline

silicon (mc-Si), copper indium gallium selenide (CIGS), along different rooftop



configurations. Bamboo-ventilated a-Si systems had the lowest impact, with further
reductions seen with 100% recycling in non-ventilated a-Si systems. A study by Al-Janahi
et al. [28] reviewed the environmental impacts of BIPV using LCA, comparing a-Si, mc-
Si, p-Si, and thin-film technologies. Thin films showed lower energy consumption and
emissions. Among Si-based materials, a-Si was the most energy-efficient, but due to its
low efficiency, it will require more surface areas to match the energy. BIPV systems

produced fewer emissions than BAPV, as they replace materials for fagades and rooftops.

In recent years the new LCA field of prospective LCA (pLCA) has been introduced
[34,35], integrating scenario perspectives for a temporal projection into LCA [36]. The
core elements of pLCA studies are projections for particular technologies on their
development over time, which is denoted as foreground system, whereas used life cycle
inventory (LCI) are adjusted to be aligned to changing energy systems and their respective
mix which is denoted as background system. For solar PV not many studies are known
that incorporate the conceptional design of pLCA for the dominating PV technologies
[37]. For example, Parisi et al.[38] presented a pLCA of dye-sensitised solar modules,
focusing on their environmental sustainability for BIPV applications. The study analysed
the environmental footprint of dye-sensitised solar modules under various future
scenarios, highlighting the energy consumption during manufacturing and the impact of
raw materials like silver, ruthenium, and glass. The results showed good environmental
performance, especially when technological improvements were implemented. On the
other hand, Heiho et al. [39] focused on the recycling of PV panels, performing an pLCA
based on experimental and pilot data. The study examined new technologies, such as
aluminium frame separation and high-voltage pulsed discharge for copper and silver
recovery, and assessed their environmental impact compared to conventional systems.
The findings indicated that alternative recycling systems were more effective in reducing
environmental impacts, particularly in resource recovery, and emphasised the importance
of further inventory data for smelting processes. However, not a single study is known
formally applying pLCA tools [40], mainly due to the complex interactions of the used
tools. This study cannot yet close this research gap in formally applying pLCA tools,
while the conceptional design of pLCA is applied as present day and emerging PV
technologies (foreground system) are analysed for energy system projects (background
system) [41]. This conceptual design addresses the existing research gap in the field and

represents a major novelty.



This paper represents novel research by addressing a significant gap in the existing
literature on LCA for PV systems by providing a comprehensive and integrated analysis
that surpasses previous studies. While most research focuses on individual PV
technologies or isolated lifecycle stages, this study uniquely integrates a wide range of
PV systems (such as bifacial PV, floating PV, monofacial PV, BIPV, and building-
attached PV (BAPV)) across diverse technologies such as mc-Si PERC and silicon
heterojunction, perovskite (psk). By comparing large-scale ground-mounted PV setups
(bifacial and floating PV with monofacial PV) and small-scale systems (BIPV and
BAPV), and identifying key environmental hotspots through detailed analyses, this

research sets a benchmark for assessing both conventional and emerging PV technologies.

Another key novelty of this study lies in its holistic perspective, which integrates the
assessment of PV systems into electrical grids with a scenario-based pLCA. This
approach focus valuates environmental impacts under dynamic conditions, incorporating
future energy mix transitions, technological advancements, and their implications across
multiple time horizons (2022, 2030, and 2050) and diverse climatic zones (Finland,
Germany, and Spain). Furthermore, the study emphasises how regional factors, such as
solar irradiation and energy mix variations, influence environmental performance—an
aspect often overlooked in similar analyses. By addressing these regional disparities and
temporal variations, this research provides a nuanced and dynamic understanding of PV

systems' environmental impacts.

Together, these innovations represent a significant advancement in the field, filling
critical gaps in the literature and laying the groundwork for future, more detailed, and
comprehensive analyses. This approach not only broadens the scope of current research
but also provides a valuable starting point for subsequent studies focused on optimising,
developing, and integrating PV systems to support the ongoing energy transition. By
strengthening the connection between technological performance, environmental
impacts, and regional contexts, this paper provides valuable insights for policymakers,
researchers, and industry stakeholders. Highlighting the importance of PV systems in
future renewable energy strategies and grid integration, this work aims to advance the

field of PV system analysis.



2. Methodology

2.1. Goal and scope definition

In this study, the main goal of the LCA was to evaluate the sustainability of integrated
PV systems embedded in the power system. The paper provides a comprehensive analysis
of the environmental performance of various PV systems, including emerging ones like
floating PV, bifacial PV, and BIPV, compared to conventional technologies such as
monofacial and BAPV. In addition, the evaluation spans three distinct time horizons
(2022, 2030, and 2050) and considers different climatic zones by examining the
implementation of PV systems in Spain, Germany, and Finland. For each year, a different
type of PV technology was used, specifically mc-Si PERC [42,43] in 2022, Si
heterojunction [44,45] in 2030, and psk/c-Si tandem [46-49] in 2050, respectively, to

reflect the anticipated evolution of technology and its improvements over time.

To meet the study's objectives, 1 kWh of electricity generated by different PV systems
was used as the functional unit (FU). This FU allows for evaluating and comparing
various systems' energy efficiency and environmental impacts, which is vital for

sustainable energy decisions.
2.2. System boundary

The system boundary selection in an LCA study depends on the study's objectives, data
availability, and evaluation needs. This study adopted a cradle-to-grave approach to
provide a complete view of environmental impacts from raw material extraction to final
disposal (Figure 1). Considering the entire life-cycle, the study facilitated comprehensive
comparisons between utility-scale systems (floating PV, ground-mounted bifacial PV,
and ground-mounted monofacial PV) and small-scale systems (BIPV and BAPV). This
method allowed for a detailed evaluation of various PV technologies and their

sustainability across different installation scenarios.
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Figure 1: System boundaries for the LCA for the different PV systems.

2.2.1. Technologies description

This study evaluates various PV technologies, focusing on their environmental impact
and efficiency. Floating PV systems, installed on bodies of water like lakes or reservoirs,
conserve land and provide environmental benefits such as reducing water evaporation,
preventing algae growth, and improving water quality [34,35,50]. These systems are ideal
for densely populated areas due to their land-saving advantages.

Ground-mounted bifacial PV systems capture sunlight on both sides of the panels,
enhancing energy yield by utilising direct sunlight and reflected light. This design allows
significantly higher energy generation compared to traditional monofacial panels,
particularly on reflective surfaces. Bifacial systems also perform well in diffuse lighting

conditions, making them suitable for regions with variable weather [51,52].

Monofacial ground-mounted PV systems, the most common solar PV installation, serve
as a conventional benchmark in this study. These panels capture sunlight on one side and

are mounted on fixed structures or solar trackers to optimise sunlight exposure [53].

BIPV is essential for near-zero energy buildings, integrating solar panels into facades and
rooftops to replace traditional materials with electricity supplying elements. Despite
higher initial costs, BIPV offers long-term benefits, including energy savings and
increased building value [54]. This study considers BIPV facade installation, providing
an innovative approach to energy-efficient building design. However, this study did not

consider the impacts of replacing building structures with BIPV systems.



BAPV, compared with BIPV, is installed on existing surfaces like rooftops and facades.
BAPV systems do not replace building components and provide shading, reducing heat
gain. They offer flexibility and efficiency improvements and are a cost-effective option
for including solar PV into existing buildings [55].

Furthermore, to thoroughly assess the environmental impact of PV systems, it is crucial
to understand their key components: solar cells and panels, mounting systems, electrical
installations, and inverters. Each element affects both the efficiency and sustainability of

solar PV electricity generation.
2.2.2. Scenarios description

This study evaluated the environmental impact of PV technologies across three time
horizons: 2022, 2030, and 2050, to capture technological and environmental dynamics.
For 2022, the analysis used mc-type PERC technology, which represents a well-
established and widely adopted technology known for its enhanced efficiency compared
to older PV technologies [42,43]. The year 2030 was modeled with Si heterojunction
technology, a cutting-edge advancement expected to improve efficiency further and
reduce energy losses by combining the benefits of crystalline silicon with an amorphous
silicon layer [44,45]. The 2050 scenario anticipates the adoption of psk/Si tandem
technology. While psk/Si tandem solar cells demonstrate considerable potential for high
efficiency, several challenges remain, particularly in manufacturing, long-term stability,
and environmental behavior under unforeseen damages [56-58]. Addressing these issues
is essential to ensuring the technology’s viability and sustainability in large-scale
commercial applications. Although pLCA provides valuable insights into the
environmental impacts of these technologies, its limitations may introduce uncertainties

in the analysis.

Furthermore, the study also explored various climatic zones, subarctic (Lappeenranta,
Finland), continental (Munich, Germany), and Mediterranean (Murcia, Spain), to
understand how environmental factors like solar radiation and temperature impact PV
performance. The main variation between these zones was determined by the annual
average irradiation on the tilted module, influenced by geographic location and local
climatic conditions. With its Mediterranean climate, Murcia (Spain) experiences high

solar radiation due to its low latitude, many sunny days, and minimal cloud cover [59].



Munich, Germany, has a continental climate with significant solar radiation but lower
solar incidence and more cloud cover compared to Murcia [60]. Lappeenranta, Finland,
has a subarctic climate with the lowest solar radiation among the three locations, affected
by its high latitude, shallow solar incidence angle, and atmospheric factors like snow and

cloud cover [61].
2.2.3. Assumptions and limitations

It is crucial to acknowledge that while certain simplifications are necessary for practical
reasons, they must be as precise as possible to ensure that the LCA results are meaningful
and reliable and that the analysis maintains transparency. The assumptions and limitations

of the study are described below:

« The analysis covered three temporal horizons (2022, 2030, and 2050) and three
climatic zones (Mediterranean, continental, and subarctic).

« Inventory data for PV technologies were sourced from relevant literature.

o The systems' lifespan, efficiency, and performance estimates were made,
considering different time horizons.

« For bifacial PV systems, grass was used as the reference for albedo.

e In the case of BIPV technology, the environmental benefits associated with
replacing building structures with solar panels were not considered.

e An estimated transport distance of 500 km was assumed for delivering PV
components to the installation site and for transporting waste to treatment

facilities at the end of the system's life.

o Systems were categorised into utility-scale and small-scale for comparative

analysis.

These assumptions and limitations defined the context and parameters for the LCA of PV

technologies, providing a framework for understanding the analysis.
2.3. Impact categories

The life cycle impact assessment phase aims to analyse the data collected during the LCI
phase and calculate the potential environmental impacts associated with the inputs and
outputs. The environmental footprint (EF) 3.1 method was chosen to estimate the impacts,
selecting the following impact categories [62]: acidification (AC), climate change (GW),
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particulate matter (PM), eutrophication marine (MEP), eutrophication freshwater (FEP),
eutrophication terrestrial (TEP), human toxicity cancer (HTc), human toxicity non-cancer
(HTnc), ionizing irradiation (IR), land use (LU), ozone depletion (OD), photochemical
ozone formation (POF), resource use fossils (ADff), resource use minerals and metals
(ADe), water use (WU).

2.4. Life cycle inventory analysis for PV systems

For accurate LCA results, direct production data is ideal. However, this study evaluates
the environmental impact of integrated PV systems embedded in power grids across
various time horizons and climatic zones. Due to practical constraints, direct production
data was not available; instead, the study utilised secondary data from relevant literature
and databases, which provided validated information on similar PV systems' production

and operational characteristics.

Key parameters included annual average inclined global irradiation for calculating
electricity generation and the tilt angle to maximise solar radiation capture. Annual
operating time and system capacity were essential for determining total electricity output,
while module type, dimensions, and spacing affected performance and efficiency.
Supporting infrastructure, such as inverter capacity and lifespan, also impacted system
operation and maintenance. Additional data encompassed performance, energy
efficiency, annual electricity generation, total electricity generated, and land coverage.
This comprehensive data was crucial for understanding the environmental impact of PV
systems across different scenarios, as detailed in the supplementary materials (Tables S1
to S5).

An exhaustive literature search was conducted to gather inventory data for each
component of the PV system. The inventories for mc-Si PERC cells, monocrystalline
silicon heterojunction, and perovskite cells are detailed in the supplementary document
(Table S6 to S8) [63-65]. These data pertain to the manufacturing of 1 m2 of cells, which
serves as a reference unit. It is important to note that these cell types were considered for

each time horizon of 2022, 2030, and 2050, and used across all five PV systems studied.

The other system components, such as panel manufacturing, electrical elements,
mounting systems, and inverters, were assumed to have consistent manufacturing
processes throughout the three-time horizons. Notably, some components share the same
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inventory across different systems. For instance, the same panel type can be used for
floating PV, monofacial PV, and BAPV systems (Table S9) [66]. Bifacial panels,
however, necessitate a distinct manufacturing process (Table S10) [66]. In the case of

BIPV, a variation exists as it does not require an aluminium structure (Table S11) [66].

The PV mounting system was estimated to be similar for both bifacial and monofacial
systems (Table S12) [66], while it differs significantly for the other systems (Tables S13
to S15) [65,67]. In terms of electrical and electronic components, utility-scale systems
(1.3 MWp) utilise a single type of component (Table S16) [67], whereas smaller systems
are divided into two categories: 93 kWp for BIPV (Table S17) [67] and 3 kWp for BAPV
(Table S18) [66]. Inverters also follow a similar division, with utility-scale systems using
one type (Table S19) [66] and smaller systems using another (Table S20) [67].
Additionally, inventory data for each component's end-of-life (EoL) stages are included

in these tables.

Table S21 presents inventory data for the transportation of components from
manufacturing to installation and to the EoL stages, assuming an average distance of 500
km for all scenarios. The values in the table are consistent across the three climatic zones
but vary significantly with the time horizons, reflecting the plant's lifespan. The data are
expressed in terms of 1 m? of the PV system, considering its lifespan. Table S22 and Table
S23 provide comprehensive information on the installation, operation, and maintenance

stages of the PV systems [66].

Notably, the values in the table are similar for all three climatic zones considered.
However, they vary significantly depending on the time horizons analysed, as these
determine the plant's lifespan. Also, it is important to note that the data in the table are

expressed in terms of 1 m2 of PV system (reference unit), considering the system lifespan.

3. Results and Discussion

The environmental analysis results are structured into three key parts, each targeting
specific objectives: Subsection 3.1 (hotspot analysis) identifies the life cycle stages
(manufacturing, transportation, installation, operation, maintenance, and end-of-life) with
the highest environmental impacts for innovative technologies (floating, bifacial, and
BIPV). The goal is to pinpoint critical phases to guide mitigation strategies and

technological improvements. Subsection 3.2 (comparative analysis) evaluates the
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environmental performance of innovative technologies compared to conventional
alternatives (monofacial and BAPV) across different climatic conditions and time
horizons. The aim is to determine the scenarios under which innovative technologies
demonstrate greater sustainability and feasibility. Finally, subsection 3.3 (grid integration
analysis) assesses projections of the future energy mix for 2022, 2030, and 2050 are
included to assess how changes in grid composition could affect the environmental
performance of these technologies. This analysis provides a long-term perspective on

their role in advancing the energy transition.

3.1. Hotspot analysis

An analysis of hotspots for advanced PV technologies (floating PV, bifacial PV and
BIPV) was carried out to identify the critical points of the technology and thus identify
which part of the system optimisations could be made to reduce environmental impacts.
The hotspot analysis was focused on floating PV, bifacial PV, and BIPV systems in
Murcia for 2022. This assessment evaluated the environmental impact throughout the PV
system life cycle, including manufacturing, transportation, operation, maintenance, and

EoL stages.

Figure 2 and Table S24 (supplementary document) show the environmental impact
generated by each stage considered in the floating PV, bifacial PV, and BIPV scenarios
in Murcia in 2022. The results show that the manufacturing stage consistently has the
highest environmental impact across all technologies. For floating PV, this stage accounts
for over 96% of the total impact, followed by the EoL stage (approximately 2%) and
transportation and installation stages (less than 0.6%). The operation and maintenance
stages exhibit the lowest impacts, with the operation stage having zero impact across all
categories due to the absence of raw material consumption, emissions, or waste

generation during this phase [16].
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Figure 2: Environmental hotspot analysis of floating PV, bifacial PV, and BIPV in
Murcia (2022).
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For bifacial PV, the manufacturing stage contributes approximately 91% to the overall
environmental impact. However, the land use (LU) and transformation required for
installation significantly increase the average impact of the installation stage to around
6%, with LU impacts exceeding 95% in this category. When excluding LU, the
installation stage impact drops to approximately 0.06%. The EoL stage accounts for an
average of 1.7%, while transportation, operation, and maintenance stages contribute less
than 1% each. In the case of BIPV, the manufacturing stage impact is even more
pronounced, exceeding 98.7%. The EoL stage contributes between 1.37% and 1.60%,
with the combined impacts of transportation, installation, operation, and maintenance

stages remaining below 0.6%.

This analysis emphasises the critical importance of addressing the manufacturing process
to reduce the overall environmental footprint of PV systems. It highlights the potential
benefits of advancing innovation and improving life-cycle management to achieve more
sustainable outcomes for these technologies. Supporting these findings, the reviews by
Tawalbeh et al. [16], Clemons et al. [24], Zihng et al. [68] confirm that the manufacturing
stage is the most significant contributor to environmental impact, while the EoL,
transportation, installation, and operation stages contribute much less to the overall

impact.

To better understand the environmental impact of the manufacturing stage, a detailed
analysis was carried out to identify how each component of the plant (cells, panels,
mounting system, electronic installation, and inverter) contributes to the overall impact.
This analysis also explored potential strategies to reduce these impacts and improve
technological efficiency. Figure 3 and Table S25 (supplementary document) show the
results of the hotspot analysis for the manufacturing stage of components included in
floating PV, bifacial PV and BIPV technology (Murcia, 2022).
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Figure 3: Environmental hotspot analysis of floating PV, bifacial PV, and BIPV
components manufacturing in Murcia (2022).
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For the analysis of the hotspot components of the PV systems, the results are presented considering
the dimensions and scale of each system rather than normalising to a FU of 1 kWh. By presenting the
impacts in terms of system dimensions, the analysis offers a clearer evaluation of the environmental
burdens associated with producing each type of system (floating, bifacial, and BIPV) as a whole. For
the floating system, the surface area of 93,896 m? and a plant capacity of 20 MW, (Table S1)
contribute to a certain environmental impact per unit of energy generated. In the case of bifacial
systems, the larger surface area (234,741 m?) and higher plant capacity of 50 MW, (Table S2) are
expected to result in lower impacts per unit of electricity generated due to higher electricity yields.
For BIPV, with a smaller installed surface (246 m?) and lower plant capacity (0.0463 MW,, Table
S4), higher environmental impacts per unit of generated electricity are likely, owing to its reduced
efficiency and scale. This perspective is particularly useful for identifying the components and
materials that contribute most to environmental impacts, ultimately guiding efforts to mitigate these

effects in the life cycle of each system.

The results demonstrated that the PV cells significantly contributed to the environmental impacts
across almost all categories, exceeding 48% for all systems analysed. For the floating system, the
most notable impact categories included GW (1.79E+07 kg CO: eq), MEP (1.75E+04 kg N eq), FEP
(8.26E+03 kg P eq), TEP (1.74E+05 mol N eq), IR (2.14E+06 kBq U-235 eq), POF (5.49E+04 kg
NMVOC eq), ADf (2.40E+08 MJ), and WU (1.88E+07 m?® depriv.). For the bifacial system, the
impacts were significant across all categories, with GW reaching 4.49E+07 kg CO2 eq, MEP at
4.38E+04 kg N eq, FEP at 2.07E+04 kg P eq, IR at 5.35E+06 kBq U-235 eq, ADf at 6.01E+08 MJ,
and WU at 4.70E+07 m?® depriv. In contrast, the BIPV system, despite its smaller scale, showed
reduced environmental impacts across several categories, with notable results in GW (4.70E+04 kg
CO; eq), MEP (4.58E+01 kg N eq), TEP (4.55E+02 mol N eq), IR (5.59E+03 kBq U-235 eq), POF
(1.44E+02 kg NMVOC eq), ADf (6.29E+05 MJ), and WU (4.91E+04 m? depriv.).

The results indicate that electricity generation and its use for cell manufacturing are the primary
contributors to environmental impacts, with emissions such as CO2, N2O, and CH4 associated with
these processes. While emissions from fossil fuel combustion in power generation are relevant, they
are secondary to the energy consumption itself. The eutrophication categories (MEP, FEP, and TEP)

are significantly influenced by electricity use and the related background processes, such as fossil
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fuel extraction, mining waste, and emissions from power plants burning coal, oil, and gas, which

contribute to nutrient pollution in aquatic systems.

The impact on IR is primarily driven by electricity generation and its use for cell manufacturing,
leading to the release of pollutants such as radon, caesium, and cobalt, which result from fossil fuel
combustion. While emissions contribute to the overall environmental impact, the energy demand
itself plays a more significant role in generating IR. Similarly, the ADf is influenced by the energy
required for oil, gas, and coal extraction, contributing to environmental degradation and the depletion
of non-renewable resources. WC is closely associated with the use of deionised water and silicon in
cell manufacturing. While deionised water does not present direct environmental risks, its extensive
use can strain local water resources. The production of silicon, a key material in solar cells, carries
notable environmental impacts, including energy consumption, GHG emissions, and the generation
of waste and wastewater. For floating PV systems, modules were the second highest impact
component, averaging 17.9%, with PM (4.86E-01 disease inc.) and OD (6.07E-01 kg CFC11 eq)
being the most notable categories. In the PM category, the primary impact of the modules comes from
PM <2.5um emissions, mainly associated with electricity production and flat glass manufacturing.
The use of fossil fuels in electricity generation releases fine particles, which are harmful to health.
Additionally, the process of producing flat glass for solar panels generates PM <2.5um emissions,
especially when fossil fuels are used for energy supply. In the OD category, the highest impact comes
from the manufacturing of solar modules, particularly due to background processes involving
terephthalic acid, used in the production of plastics and polyester resins for module encapsulation.
The release of methane, bromo-, and halon 1001 during manufacturing also contributes significantly,
with bromo- and halon 1001 being ozone-depleting substance. On the other hand, the mounting
system and electronic components had similar impacts on floating PV systems, significantly affecting
HTc, HTnc and ADe categories. In the case of HT categorries, the impact has been due to the emission
of metals, including lead, arsenic, and cadmium, as well as the consumption of copper. These metals
are released during various stages of production and usage, posing significant health risks. The ADe
impact has been primarily related to the use of copper. Copper is a crucial material in electrical
installations due to its excellent conductivity, but its extraction and processing lead to the depletion

of minerals and metals.

The mounting system was the second highest impact component at 19.6% for bifacial technology,
with significant impacts in HTc (3.46E-01 CTUh) and PM (1.50E+0Q0 disease inc.). These impacts

were related to the production (background processes) and use of electricity, zinc or aluminium, and
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the waste generated in background processes such as coke and slag. In bifacial PV scenarios, the
modules and electronic installation had similar impacts, with higher impacts in LU and ADe for the
modules, while electronic components had higher impacts in HTnc and ADe. The environmental
impacts of the modules are primarily linked to the production and consumption of electricity, as well
as the manufacturing of flat glass and copper. On the other hand, the impacts associated with the
electronic components are mainly driven by the production and use of copper and tin.

In BIPV systems, the inverter had the second highest impact, averaging 25.8%, with main
implications in ADe (4.57E+00kg Sb eq) and HTnc (8.42E-04CTUh) due to energy consumption and
materials like copper and gold. In the BIPV scenario, modules and mounting systems showed similar
global impacts, with slightly higher values for OD, HTc and PM. Module impacts were related to the
use of electricity, flat glass, copper, and plastic components, among other factors, and mounting

system impacts were due to the production and use of aluminium and electricity.

Inverters had the lowest impact on floating PV and bifacial PV systems, with substantial effects in
HTc, HTnc, and ADe due to copper use and production. For BIPV, the electronic installation had the

least environmental impact, with HTnc, being most affected by copper use and production.

The findings of the analysis indicate that solar cells are the primary contributors to environmental
impacts across several categories, mainly due to their energy consumption, silicon use, and water
requirements. Modules and mounting systems also show significant impacts in certain categories,
primarily due to the production and use of electricity, flat glass, zinc, and aluminium. Similarly,
Clemon et al. [24] and Mehedi et al. [69] study also found that the production of the panels and
mounting system, are the components that have the highest environmental impact. Inverters,
especially in BIPV scenarios, contribute to environmental impacts through the use of copper and gold
in their components. While electronic components generally have a lower environmental impact, they
still contribute, mainly due to the use of copper. However, over time, the findings suggest that
technological advancements and efficiency improvements have led to a reduction in the

environmental impacts of most components.

To mitigate these impacts, innovative cell research should be prioritised. Enhancing inverter
durability can also reduce their overall impact [70]. Optimising module production processes,
particularly in reducing emissions from flat glass manufacturing, and implementing robust recycling

programs for PV components can further decrease the environmental burden [71,72]. Along with
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continuous monitoring and stricter environmental regulations, these steps will help ensure the PV

industry evolves towards more sustainable practices [73].
3.2. Comparative analysis

3.2.1. By climatic zones

A comprehensive comparative analysis was conducted, considering Murcia in 2022, as well as two
additional time frames (2030 and 2050) and two different climatic zones, Lappeenranta and Munich.
This broader approach allows for a more robust evaluation of the environmental performance under
varying climatic and temporal conditions, providing valuable insights into the potential impacts of
future developments and geographical differences on the studied system. Figure 4 presents a detailed
comparative analysis of the LCA of floating PV, bifacial PV, and BIPV, for three locations
(Lappeenranta, Munich, and Murcia) in 2022 ,2030 and 2050. Table S26, Table S27 and Table S28
(supplementary material) present the characterised environmental impact values for the three
technologies, floating PV, bifacial PV, and BIPV, for the three locations (Lappeenranta, Munich, and
Murcia) in 2030 and 2050.
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Figure 4: Comparative LCA of floating PV, bifacial PV, and BIPV technologies across varied climatic zones (2022, 2030 and 2050).
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The comparative LCA analysis of these PV technologies revealed consistent trends across scenarios,
emphasising the critical role of site-specific factors in determining the environmental performance of
PV systems. Among the studied locations, Lappeenranta exhibited the highest environmental impacts
across all categories compared to Munich and Murcia. This outcome is primarily attributed to its
lower annual global irradiation in combination with high tilt angles, a consequence of its northern

European geographical location.

For floating PV technology, the environmental impacts in Munich and Murcia were 23% and 48%
lower, respectively, compared to Lappeenranta. Similarly, for bifacial PV systems, impacts were 22%
lower in Munich and 45% lower in Murcia, while for BIPV systems, impacts decreased by 20% in
Munich and 43% in Murcia relative to Lappeenranta. These differences are directly tied to the
increase in annual global tilted irradiation from northern to southern latitudes. Specifically, in
Lappeenranta, irradiation levels for floating PV were 21% and 47% lower than in Munich and Murcia,
respectively. For bifacial PV, the reductions were 18% and 44%, while for BIPV, irradiation in
Lappeenranta was 11% and 35% lower than in Munich and Murcia, respectively [74].

Solar irradiation levels play a pivotal role in the annual electricity output of PV technologies. Higher
solar irradiance enhances electricity generation, which in turn reduces the relative environmental
impact of electricity generation [75,76]. This effect is particularly evident when comparing different
geographic areas. In high-irradiation regions, PV systems generate more electricity, improving
overall system efficiency. This increased energy output means that the same system generates more
energy in one location than in another, reducing the environmental impact per kWh. By supplying
more energy, the infrastructure's environmental burden is distributed across a greater output, reducing
the infrastructure's environmental impact per kWh. As a result, material and resource consumption,
as well as emissions from system manufacturing and maintenance, are significantly reduced per FU.
Moreover, higher electricity generation reduces dependency on non-renewable energy sources,

significantly cutting greenhouse gas emissions and other pollutants associated with fossil fuels.

Murcia's high solar irradiance boosts economic viability and reducing the carbon footprint of solar
PV installations. Conversely, Lappeenranta’s lower solar irradiation not only limits electricity
generation but also results in higher relative environmental impacts. Lower irradiance necessitates
larger installation areas to achieve equivalent electricity output, further raising both economic and

environmental costs [77,78].
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The environmental performance of PV technologies is strongly influenced by solar irradiation levels,
which vary significantly between regions. Factors such as tilt angles, row spacing, and the specific
design of the PV system remain essential in optimising both electricity yield and environmental
impact. Tailoring installations to regional conditions ensures that PV systems achieve their full

potential in contributing a sustainable energy solution.

3.2.2. By time horizons

Figures 5 and Table S26, Table S27 and Table S28 (supplementary material) present a detailed
comparison of the LCA results, showcasing the environmental impacts across different PV
technologies and time horizons in Lappeenranta, Munich, and Murcia. The analysis identifies
consistent trends among the three technologies, with notable differences observed between utility-
scale systems (floating PV and bifacial PV) and small-scale systems (BIPV). In general,
environmental impacts decreased over time, with the highest impacts recorded in 2022 and the lowest
projected for 2050.
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Figure 5: Comparative LCA of floating PV, bifacial PV, and BIPV technologies across varied time horizons in Lappeenranta, Munich and
Murcia.
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The analysis suggests that large-scale technologies, such as floating and bifacial systems, tend to
achieve more significant reductions in environmental impacts compared to smaller-scale options like
BIPV. For large-scale systems, the impacts on IR and ADe appear to be greater in the 2030 scenario.
This is primarily attributed to variations in cell types, differences in manufacturing processes, and
system efficiency disparities.

Efficiency improvements, particularly in innovative technologies such as psk/Si tandem solar cells,
play a critical role in reducing environmental impacts. Psk/Si tandem cells demonstrated 7% higher
nameplate efficiency than Si-heterojunction cells, resulting in decreased material and infrastructure
requirements over time. However, while these cells offer significant efficiency gains, challenges
remain regarding their long-term stability, scalability, and environmental implications. Recent
developments have shown that 2-terminal psk/Si tandem cells can retain up to 80% of their original
efficiency after 1000 hours of sunlight exposure, reflecting notable progress in stability [56,57].
However, long-term stability remains a critical concern, especially when compared to well-
established technologies like c-Si PV. Despite recent advancements, perovskite cells have not yet
achieved the same durability as other solar PV technologies, particularly regarding heat, humidity,
and light resistance [79,80]. As manufacturing techniques and material innovations evolve, the
intrinsic stability of psk solar cells is expected to improve further, especially through defect
passivation and reduced ionic migration. Recent studies focusing on materials like CsPblsz suggest
promising improvements in thermal stability and moisture resistance, which could enhance the long-
term reliability of these cells [56,80-82]. Additionally, integrating psk with other solar PV
technologies, such as c-Si and CIGS, offers the potential for more efficient and adaptable tandem
cells [57,79]. In conclusion, while the improvements in efficiency and stability are encouraging,
challenges related to long-term stability and scalability remain areas for continued research. With
ongoing advancements, psk/Si tandem cells have the potential to play a pivotal role in the future of
solar PV.

Projected reductions in environmental impacts varied across technologies and time frames. Floating
PV impacts are expected to decrease by 23% from 2022 to 2050, while bifacial PV impacts could see
a reduction of 38% during the same period. Efficiency improvements contributed significantly to
these reductions. For instance, infrastructure requirements for bifacial PV systems decreased by 20%
between 2030 and 2050 due to enhanced performance. Between 2022 and 2030, efficiency gains of
approximately 3% percent points and lifespan extensions of 10 years further supported reductions in
environmental impact. The environmental impact of the infrastructure per kWh decreased by 32% in
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2030 compared to 2022, with a 47% reduction observed by 2050, reflecting the benefits of increased

energy production.

BIPV technology displayed a unique trend, with higher impacts in 2030 for categories such as FEP,
IR, and ADe. For example, in Lappeenranta, these impacts were 4.08E-05 kg P eq, 9.06E-03 kBq U-
235 eq, and 7.42E-06 kg Sb eq, respectively. Despite this, efficiency improvements led to reduced
raw material and energy requirements over time. psk/Si tandem PV systems demonstrated 5.6%
higher efficiency than Si-heterojunction PV systems and 8.1% higher efficiency than mc-Si PERC
PV systems, with lifespans extending from 40 years in 2022 and 2030 to 50 years by 2050. These
advancements contributed to a 14% reduction in infrastructure impact per kWh from 2022 to 2030
and a 39% reduction from 2030 to 2050.

The LCA results highlight the potential of floating PV, bifacial PV, and BIPV technologies to enhance
environmental sustainability over time. Reductions in environmental impacts are driven by
improvements in cell efficiency and lifespan, leading to lower material and energy consumption per
kWh generated and reduced infrastructure impact per FU. These findings support the adoption of
these innovative PV technologies to mitigate environmental impacts associated with electricity

generation.
3.2.3. By technology

Figure 6 presents a comprehensive comparison of the environmental impacts associated with the life
cycles of three utility-scale PV systems: floating PV, bifacial PV (innovative), and monofacial PV
(conventional). These systems were analysed for their implementation in Lappeenranta, Munich, and
Murcia across three timeframes: 2022, 2030, and 2050. Detailed characterisation results for floating
and bifacial systems are provided in Table S26 and Table S27 (supplementary document), while the

corresponding data for monofacial system can be found in Table S29.
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Figure 6. Comparative LCA of utility-scale PV systems: Floating PV, bifacial ground-mounted PV, and monofacial ground-mounted PV in
Lappeenranta, Munich, and Murcia (2022, 2030 and 2050).
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The analysis revealed that bifacial PV systems exhibited the lowest environmental impact across most
categories compared to other utility-scale systems. This result can be attributed to their ability to
capture sunlight from both sides of the panel, which enhances electricity generation and reduces the
environmental footprint per unit of electricity produced. Floating PV systems, on the other hand, had
lower environmental impacts than monofacial PV systems, primarily due to their reduced land use.
By utilising water bodies instead of land, floating PV systems avoid competition for land resources,
an advantage particularly relevant in regions with limited land availability. Additionally, their unique
mounting system, designed to float on water, eliminates the need for traditional foundations, reducing
land disturbance and material use. This system also allows for better cooling of the panels, improving
their efficiency and performance. The floating structure provides stability while being lightweight,
contributing to both durability and ease of installation, which reduces the overall environmental

impact compared to traditional ground-mounted PV systems.

Regional variations in environmental impact were observed, with significant differences depending
on local conditions. In Lappeenranta, the floating PV system showed higher environmental impacts
across most categories compared to bifacial and monofacial PV systems, except for land use. Impacts
were particularly significant in categories such as global warming, ionising radiation, ozone
depletion, and abiotic depletion (fossil fuels). Conversely, in Murcia, floating PV systems
demonstrated lower overall environmental impacts compared to those in Lappeenranta and Munich.
This is likely due to Murcia’s higher solar radiation levels, which improve electricity generation and
reduce environmental impacts per unit of electricity. These findings highlight that while floating PV
systems provide clear benefits in terms of land use, their performance in other environmental

categories is strongly influenced by regional conditions.

Despite their advantages, floating PV systems face several challenges, especially in sensitive
environments. Enhanced encapsulation is necessary to protect against moisture, which can degrade
performance over time. The current module standard trend is an increasing use of glass-glass
encapsulation over glass-polymer, minimising critical moisture ingress and enabling high lifetimes
of modern solar PV modules [83,84]. Corrosion risks are heightened by exposure to harsh
environmental conditions, while temperature fluctuations, particularly during freezing and thawing
periods, can disrupt system functionality. In colder climates, ice formation during winter can impair
operations, requiring specific maintenance strategies, such as ice removal from anchoring systems
[85]. Additionally, floating PV systems are subject to mechanical stress from waves and wind,
potentially leading to micro-cracks in the modules that may decrease overall power generation. These
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systems can also impact aquatic ecosystems by reducing light penetration, which affects
photosynthesis and algae growth. Furthermore, they may interfere with fishing and transport activities
if installed on natural water bodies, and materials like high-density polyethylene used in their

construction could alter water quality [85].

Figure 7 presents a comprehensive assessment of the environmental impacts of two small-scale PV
systems over their entire life cycle: BIPV (innovative) and BAPV (conventional), implemented in
Lappeenranta, Munich, and Murcia for 2022, 2030 and 2050. Detailed characterisation results for
BIPV system are provided in Table S28, while the corresponding data for BAPV system can be found
in Table S30.
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Figure 7: Comparative LCA of small-scale PV systems: BIPV and BAPV in Lappeenranta, Munich, and Murcia (2022, 2030 and 2050).
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This evaluation revealed that the innovative BIPV system exhibited the most significant
environmental impact across all scenarios, regardless of the time horizon or climatic location, with
the exception of PM and HTc in Lappeenranta. BIPVs installed on building facades are typically
mounted at a 90-degree angle, which, in some situations, limits their ability to effectively capture
solar radiation during hours with the highest irradiation. In contrast, BAPVs, which are assumed to
be installed at a 35-degree tilt angle, align more efficiently with the sun’s elevation, favouring solar
energy absorption. This difference in installation angle results in a less efficient solar capture for

BIPVs, reducing their overall electricity generation compared to BAPVs.

To mitigate the environmental impact of BIPV systems, it is recommended to choose BAPV before
considering BIPV. This is particularly important in areas with lower solar exposure [86,87]. Due to
the more favourable angle of BIPV installations, typically between 30° and 45° on inclined rooftops,
as opposed to fagades, enhances the capture of solar irradiation and improve system performance.
Additionally, installing BAPVs on flat rooftops and adjusting the angle based on latitude and local
climatic conditions could further optimise electricity generation and reduce environmental impacts
[26,88].

Moreover, promoting BIPV designs that contribute to buildings’ energy efficiency, especially in
dense urban environments, is crucial. Integrating BIPVs into structural elements like pergolas and
windows can provide additional benefits, further enhancing the overall environmental performance
of buildings [89,90]. Lastly, developing more sustainable materials for BIPV systems would help
reduce their environmental footprint, making them more sustainable over the long term. These
improvements can make BIPV systems more efficient and environmentally friendly, supporting the

broader goals of sustainable urban development and renewable energy integration.

In comparing the results of this study with those of previous studies, minor differences are observed
that still support and reinforce the conclusions of this analysis, further validating the robustness of
the findings. For instance, Mehedin et al. [69] study found that the environmental impact of the PV
system was approximately 123 gCO eg/kWh. In comparison, results of this study show a lower
impact of 70 gCO.eq/kWh. This difference can be attributed to several factors, such as the system's
characteristics, including panel efficiency, panel type, lifespan, and other variables that influence the
overall environmental footprint of the system. Islam et al. [25] reported a GHG impact equivalent to
40 gCO; eq for the floating system, which aligns closely with the values obtained in this study,

reflecting similar variations in system design and assumptions used in the analysis. Additionally, the
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IEA [33] reported similar values of approximately 49-55 gCO. eq/kWh, further supporting the results
of this study. In the case of bifacial systems, Krexner et al. [32] study found that the vertical bifacial
agrivoltaics system has a GHG impact of approximately 60 gCO2 eq/kWh, which is slightly higher
than the value obtained in this study. The differences in impact are mainly attributed to the varying

system configurations, including panel arrangement, efficiency, and other design factors.
3.3. Penetration of solar photovoltaics into the power grid

This study assessed the environmental impact of embedding various PV systems, floating PV, bifacial
PV, monofacial PV, BIPV, and BAPV, into the power grids of Finland, Germany, and Spain for the
years 2022, 2030, and 2050. The objective was to evaluate how these integrations affected
environmental impacts over time, focusing solely on advancements within the solar PV sector. The
exclusion of technological progress in other energy sectors suggests that overall impact reductions

could be more significant if all advances across all energy sectors were included.

Table S24, Table S25, and Table S26 detail the proportions of renewable and non-renewable energy
sources for Finland [91-93]., Germany [94,95], and Spain [94,96] across the specified years. These
data formed the basis for evaluating the environmental benefits and challenges associated with
advanced PV technologies in different contexts. Figure 1 shows the projected environmental impact
of Finland, Germany and Spain power grid. Table 1 shows the characterised values of the
environmental impacts of solar PV penetration into Finland, Germany and Spain power grid for 2022,
2030, and 2050.
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Figure 8: Projected environmental impact of Finland, Germany and Spain power grid for 2022, 2030, and 2050.
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Table 1. Environmental impact of Finland, Germany and Spain electric grid per kWh of
electricity: 2022, 2030 and 2050.

Impact category Unit 2022 2030 2050
Finland
Acidification mol H+ eq 6.44E-04 2.57E-04 3.03E-04
Climate change kg CO; eq 1.32E-01 3.00E-02 3.37E-02
Particulate matter disease inc. 6.29E-09 3.44E-09 3.34E-09
Eutrophication, marine kg Neq 1.66E-04 5.21E-05 5.25E-05
Eutrophication, freshwater kg P eq 5.01E-05 1.41E-05 1.69E-05
Eutrophication, terrestrial "mol Neq 2.04E-03 6.26E-04 7.31E-04
Human toxicity, cancer CTUh 6.53E-11 7.50E-11 8.03E-11
Human toxicity, non-cancer ' CTUh 1.62E-09 1.49E-09 1.72E-09
lonising radiation kBg U-235 eq 3.45E-01 2.36E-01 5.46E-02
Land use Pt 5.46E+00  1.17E+00  1.92E+00
Ozone depletion kg CFC11 eq 3.33E-09 6.49E-10 7.71E-10
Photochemical ozone formation kg NMVOC eq 5.06E-04 1.54E-04 1.78E-04
Resource use, fossils MJ 6.12E+00 3.45E+00 1.05E+00
Resource use, minerals and metals kg Sbeq 3.38E-07 1.35E-06 1.57E-06
Water use m? depriv. 6.90E-02 4.00E-02 1.89E-02
Germany
Acidification mol H+ eq 1.09E-03 3.96E-04 1.70E-04
Climate change kg CO; eq 465E-01  1.27E-01  2.59E-02
Particulate matter disease inc. 5.72E-09 2.67E-09 1.84E-09
Eutrophication, marine kg N eq 3.54E-04 9.14E-05 3.01E-05
Eutrophication, freshwater kg P eq 6.32E-04 5.64E-05 1.46E-05
Eutrophication, terrestrial “mol N eq 2.89E-03 9.47E-04 3.32E-04
Human toxicity, cancer CTUh 9.40E-11 8.44E-11 5.73E-11
Human toxicity, non-cancer ' CTUh 3.02E-09 1.71E-09 9.74E-10
lonising radiation kBg U-235 eq 5.43E-02 2.68E-03 2.34E-03
Land use Pt 3.56E+00  9.67E-01  1.08E+00
Ozone depletion kg CFC11 eq 4.89E-09 1.55E-09 5.69E-10
Photochemical ozone formation kg NMVOC eq 7.70E-04 2.88E-04 1.06E-04
Resource use, fossils MJ 5.92E+00 1.47E+00 3.12E-01
Resource use, minerals and metals kg Sheq 6.15E-07 1.28E-06 1.15E-06
Water use m? depriv. 2.02E-02 1.13E-02 1.16E-02
Spain

Acidification mol H+ eq 8.47E-04 4.69E-04 1.33E-04
Climate change kg COzeq 2.05E-01 1.04E-01 2.08E-02
Particulate matter disease inc. 4.17E-09 2.16E-09 1.37E-09
Eutrophication, marine kg N eq 1.59E-04  8.52E-05  2.27E-05
Eutrophication, freshwater kg P eq 2.88E-05 2.14E-05 1.10E-05
Eutrophication, terrestrial "mol N eq 1.85E-03 9.17E-04 2.44E-04
Human toxicity, cancer CTUh 6.25E-11 5.38E-11 4.21E-11
Human toxicity, non-cancer ' CTUh 1.26E-09 1.06E-09 7.51E-10
lonising radiation kBg U-235 eq 1.75E-01 5.35E-02 2.35E-03
Land use Pt 1.26E+00 1.50E+00 1.70E+00
Ozone depletion kg CFC11 eq 4.83E-09 2.45E-09 4.61E-10
Photochemical ozone formation kg NMVOC eq 6.44E-04 3.37E-04 8.16E-05
Resource use, fossils MJ 5.61E+00 2.25E+00 2.45E-01
Resource use, minerals and metals kg Sheq 5.22E-07 1.05E-06 1.42E-06
Water use m? depriv. 1.20E-01 8.46E-02 4.91E-02
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In Finland, in 2022, most impact categories were at 100%, indicating a high environmental impact
compared to 2030 and 2050. By 2030, the average impact dropped to 49%, and further to 45% by
2050, due to shifts in energy sources and the adoption of greener technologies, such as renewable

energy and energy efficiency improvements.

Non-renewable energy sources in Finland are expected to decline from 41% in 2022 to 23% in 2030
and further to 5% by 2050. In 2022, energy imports contributed 18% of the environmental impact,
with Swedish imports accounting for 9% and Russian imports for 8%, despite comprising only 3.1%
of the total power grid. The key contributors to the environmental impact in 2022 were wood (30%),
coal (17%), and nuclear power (15%). Wood affected categories like AC, PM, MEP, TEP, HTc,
HTnc, LU, and POF, while coal impacted GW and FEP, and nuclear power affected IR, ADf, and

WU. PV systems had a minimal contribution, with an average impact of 0.13%.

By 2030, the environmental impact had decreased by over 49% compared to 2022. The primary
energy sources contributing to the environmental impact were nuclear power (25%), wood (15%),
and wind power (40%). Wind power’s rising impact was due to its growing share, while nuclear
power’s contribution decreased. The share of PV systems in the grid increased to 5.2%, with an

average impact of 5.3%.

In 2050, Finland's environmental impact was at its lowest (45%). Primary contributors were nuclear
power (15%), wind power (36%), wood (17%), and solar PV (20%). Nuclear power affected IR, ADf,
and WU, wind power influenced AC, GW, PM, MEP, FEP, HTc, HTnc, POF, and ADe, while wood-
based electricity impacted TEP, LU, and OD. The impact of solar PV increased significantly due to
its higher penetration, rising from 5.2% in 2030 to 29.5% in 2050.

In Germany, in 2022, most impact categories were at 100%, with the notable exception of ADe
(Figure 8). By 2030, the average impact fell to 40%, and by 2050, to 25%, reflecting changes in

energy sources and the transition to greener technologies.

Non-renewable energy use in Germany is expected to decrease from 56% in 2022 to 11% in 2030,
with a complete elimination by 2050. In 2022, energy imports contributed 7.87% of the environmental
impact, with no imports expected by 2030 or 2050. Major contributors to the environmental impact
were lignite coal (27%), hard coal (16%), and wood (15%). Lignite had the highest contribution in
10 out of 15 categories, while wood significantly affected PM and LU. PV systems contributed 9.7%

to the grid, with an average impact of 6.3%.
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By 2030, Germany's environmental impact had decreased by 60% compared to 2022. The primary
energy sources contributing to the environmental impact were coal (37%), wind power (28%), and
solar PV (17%). Wind power led in PM and HTc, while solar PV had the highest impact in IR, ADe,
and WU. Wind power's share was expected to rise to 66.1% by 2030, while solar PV's share would

increase to 19.7%.

By 2050, Germany's environmental impact was at its lowest (25%), with wind power (35%) and solar
PV (54%) being the main contributors. Solar PV, particularly bifacial panels, had the highest impact
in several categories. Wind power affected PM and HTc, with its share decreasing to 43.7% by 2050.

The projections for the Spanish electricity grid highlight a significant reduction in environmental
impacts, driven by a shift towards renewable energy sources and a decrease in non-renewable energy
use. In 2022, the energy mix in Spain consisted of approximately 49.1% renewable and 50.9% non-
renewable sources, with nuclear power at 20% and natural gas at 24%. By 2030, the renewable share
IS expected to increase to 70.2%, reducing non-renewable sources to 19.8%. By 2050, Spain is

projected to rely entirely on renewables, primarily PV and wind power.

In 2022, environmental impacts were highest across almost all categories, with an overall impact of
94%. Solar PV systems were less prevalent in 2022, contributing 13.1% to the grid, compared to
projections of 40.6% in 2030 and 64.6% in 2050. This increase in PV installations could lead to higher
land and material usage impacts in future scenarios. In 2022, natural gas, coal, and nuclear power
were significant contributors to environmental impacts. Natural gas had a major impact on the OD
and GW categories, coal affected the AC and ADf categories, and nuclear power notably impacted
the IR, ADe, and ADf categories.

By 2030, environmental impacts are projected to drop by 33% compared to 2022 levels, mainly due
to the increased role of renewable energy sources. However, natural gas, coal, and nuclear power will
still be significant contributors. Solar PV's impact is expected to grow, averaging 18% across

technologies, with significant contributions to the PM and ADe categories.

The 2050 scenario shows the most significant reduction in global environmental impact, down 59%
from 2022. Wind power (13%), and bifacial PV (38%), are the primary contributors to this lower
impact. Bifacial PV systems, comprising 47.6% of the 2050 power grid, will have the highest impact
across most categories. Wind power will primarily affect the HTc category, while hydropower will

significantly impact the WC category.
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If Finland, Germany, and Spain transition to renewable energy sources, they are expected to achieve
significant reductions in their environmental impacts. Similarly, if Germany switches from lignite
coal and hard coal to wind power and solar PV, it will likely see a reduction in its overall
environmental footprint, with solar PV contributing substantially to this outcome. If Spain
successfully implements a nearly complete transition to renewable energy by 2050, predominantly
through solar PV and wind power, it is anticipated to achieve a lower environmental impact.

To achieve this transition, substantial investments in renewable energy projects are essential.
Improving energy efficiency, promoting technological innovation, and implementing policies that
support the adoption of renewable energy while phasing out subsidies for non-renewable sources are
necessary steps. Raising public awareness and fostering community participation are also crucial for

ensuring a successful transition to sustainable energy.

Table 2 shows the evolution of the proportion between renewable and non-renewable energies in the

power networks of Finland, Germany, and Spain for the years 2022, 2030, and 2050.

Table 2: Evolution of the ratio between renewable and non-renewable energy in the Finnish,
German, and Spanish power grid (2022-2050).

Ratio between renewable and non-renewable energy in the electrical grid

Year PV technology Finland Germany Spain
2022 | Renewable 41.4% 44.3% 49.1%
No-renewable 58.6% 55.7% 50.9%
Ratio 0.71 0.80 0.97
2030  Renewable 76.6% 88.7% 80.2%
No-renewable 23.4% 11.3% 19.8%
Ratio 3.27 7.85 4.05
2050 | Renewable 94.7% 100.0% 100.0%
No-renewable 5.3% 0.0% 0.0%
Ratio 17.87 100/0 100/0

In 2022, Finland's power grid was estimated to consist of 41.4% renewable energy and 58.6% non-
renewable energy. This resulted in a ratio of 0.71, indicating that for each unit of non-renewable
energy, there were approximately 0.71 units of renewable energy. Germany generated 44.3% of its
electricity from renewable sources and 55.7% from non-renewable sources in 2022, resulting in a
ratio of 0.80. Spain had an estimated 49.1% renewable energy and 50.9% non-renewable energy, with
a ratio of 0.97. All three countries had a higher proportion of non-renewable energy compared to

renewable energy in 2022.
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For 2030, Finland was projected to significantly increase its renewable energy share to 76.6%, while
non-renewable energy was expected to decrease to 23.4%. This resulted in a ratio of 3.27, meaning
Finland would generate approximately 3.27 units of renewable energy for every unit of non-
renewable energy. Germany's grid was projected to achieve 88.7% renewable energy, reducing non-
renewable sources to 11.3%, resulting in a ratio of 7.85. Spain was expected to reach 80.2% renewable
energy and 19.8% non-renewable energy, with a ratio of 4.05.

Looking ahead to 2050, Finland was estimated to have 94.7% of its electricity from renewable
sources, with non-renewable energy dropping to 5.3%, resulting in a ratio of 17.87. Germany and
Spain were projected to achieve 100% renewable energy by 2050, eliminating non-renewable sources
entirely, which was reflected in an infinite ratio or “100/0".

This data highlighted a significant shift towards more sustainable energy systems and reduced non-
renewable energy use. It indicated a solid commitment to climate change mitigation and improved

energy security through the more sustainable and efficient use of natural resources.
3.4. Limitations and research outlook

The study aimed to identify technological hotspots and assess long-term environmental impacts
across various climate zones without delving into the specific challenges associated with each
installation site. While the potential impacts of floating PV systems in aquatic environments were
considered, detailed analyses of issues such as corrosion, temperature variations, and interactions
with marine ecosystems were not included. These limitations should be taken into account when
interpreting the results, as the findings may not fully capture the complexities of water-based PV
technologies. Future research should address these challenges comprehensively to better understand

the implications of integrating PV systems into aquatic environments.

In this case, the findings suggest that, despite relatively minor variations in environmental impacts
among the evaluated utility-scale PV systems, innovative technologies like bifacial and floating PV
systems offer significant sustainability advantages over conventional monofacial PV systems. This
supports the broader implementation of utility-scale PV systems and highlights the potential of

emerging technologies to contribute to sustainable energy solutions.
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4. Conclusions and Recommendations

This study detailed the life cycle assessment (LCA) outcomes for advanced photovoltaics (PV)
systems and their integration into the power grid. Specifically, it provides an environmental
assessment of installing innovative PV systems, including floating PV, bifacial PV, and building-
integrated PV types, across various climate zones (Finland, Germany, and Spain) and different
timeframes (2022, 2030, and 2050). In this sense, a comparative analysis was conducted to evaluate
the environmental performance of innovative PV systems against traditional systems (monofacial and
building-added PV). Additionally, projections were made to assess how the environmental impact
might influence the integration of PV systems into the power grids of the three countries, assuming

an increase in their share by 2030 and 2050 compared to 2022.
The key findings include:

e In 2022, Lappeenranta (Finland) had the highest environmental impacts due to lower solar
irradiation, while Munich (Germany) and Murcia (Spain) showed lower impacts due to higher
solar availability.

e Bifacial PV systems had the lowest environmental impacts, followed by floating PV systems,
while BIPV systems had the highest impacts among small-scale technologies.

e By 2030, utility-scale technologies (floating and bifacial PV) showed greater environmental
impact reductions than small-scale systems, although BIPV systems remained less efficient
due to lifespan challenges.

e Manufacturing, especially PV cells, mounting systems (floating and bifacial), and inverters
(BIPV), was the primary source of environmental impacts.

e Projections for 2050 indicate substantial reductions in environmental impacts as renewable
energy adoption increases in Finland, Germany, and Spain, significantly reducing non-

renewable energy use.

These results emphasise the potential of advanced PV technologies to reduce environmental impacts
and drive the transition to a more sustainable energy future, highlighting the importance of continued

innovation and efficiency improvements.
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