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Abstract

The life cycles of glass—glass (GG) and standard (STD) solar photovoltaic (PV) panels, consisting of stages from the produc-
tion of feedstock to solar PV panel utilization, are compiled, assessed, and compared with the criteria representing energy,
environment, and economy disciplines of sustainability and taking into account the climate conditions of Lithuania. The
following methods were applied: “PVsyst” software, life-cycle assessment (LCA), levelized cost of electricity (LCOE), case
studies, comparative analysis, and logical reasoning. The results show that the GG type solar PV panel was more efficient
and had better environmental performance than the STD type. During its lifetime, the 1 kW GG type produces 67% more
energy and emits 42% less greenhouse gasses (GHGs) than the STD type. The 1 kW GG type could produce 32.75 MWh of
electricity and emit 28.0 gCO,,/kWh. It outperformed the STD type regarding energy and GHG emission payback times,
which were estimated to be 3.5 and 3.7 months, respectively. Despite the higher PV panel price of the GG type, its economy
is better. Depending on the project financing strategy, the estimated average LCOE of the GG type is 4% lower than that of
the STD type. Specifically, the average LCOE of the GG type panels are approximately 0.15 EUR/kWh. These are reduced
to 0.13 EUR/kWh, subject to an investment subsidy of 323 EUR/kWp. Overall, the GG type is more sustainable than the
STD type. The research results substantiate the relevance of manufacturing and deploying advanced solar PV technologies
to meet climatic and sustainable development targets.
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Introduction

Worldwide energy demand is increasing by 1% to 6% per
year (Ritchie et al. 2022), and is expected to increase by
nearly 50% by 2050 compared to 2020 (Energy Informa-
tion Administration 2021). Energy consumption remains
fossil fuel-based, accounting for a share of 81% in 2020,
despite shifts to renewable energy sources (RESs), which
accounted for 15% (Energy Information Administra-
tion 2021). The combustion of fossil fuels to satisfy this
increasing demand has led to significant increases in
greenhouse gas (GHG) emissions of 2.4% per year, result-
ing in global warming (Hausfather and Friedlingstein
2022). In 2015, the United Nations (UN) and its Member
States (MS) signed the Paris Agreement (United Nations
2015a), in the framework of which they agreed to limit
global warming to well below 2 °C and to pursue efforts
to limit it to 1.5 °C by undertaking relevant measures to
reduce GHG emissions rapidly. In the same year, the MS
of the UN agreed on “Transforming Our World: the 2030
Agenda for Sustainable Development” (United Nations
2015b) and announced 17 sustainable development goals
(SDGs). Through SDG 13, which required urgent action
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to combat climate change and its impacts (United Nations
2015b), the UN established clear linkages between devel-
opment and the climate (Gomez-Echeverri 2018), the lat-
ter being implemented in part through the Paris Agreement
by applying various strategies (Segger 2016). The deploy-
ment of renewable energy technologies is among these.
Solar photovoltaic (PV) systems are among the fastest-
growing renewable energy technologies worldwide. The
global solar PV installed capacity significantly increased
from 0.81 GW in 2000 to 854.8 GW in 2021 (International
Renewable Energy Agency 2022). In recent years, global
solar PV capacity has outgrown wind energy capacity.
Among all renewable technologies, solar PV has the great-
est social support (Iglifiski et al. 2023). The transformation
of the global energy system is essential to satisfy SDG 13
and the climate mitigation goals of the Paris Agreement.
This transformation is possible by rapidly deploying low-
carbon technologies to replace conventional fossil fuel
technologies. According to the International Renewable
Energy Agency (2019), solar energy will transform the
global electricity sector; the cumulative installed capacity
of solar PV is expected to rise to 8519 GW by 2050. In
light of globally increasing installations, the sustainability
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of solar PV technologies must be accurately assessed to
scale up solar PV electricity to achieve SDGs.

Abu-Rayash and Dincer (2018) argued that a set of dis-
ciplines influence the sustainability assessment of solar PV
systems, including energy, exergy, economy, environment,
society, technology, education, and the size of the energy
system, and pointed out that thus far the majority of sustain-
ability assessments focus on the particular discipline. There
is a lack of universally adopted sustainability assessment
models. Even if such models exist, they prioritize energy,
environment, and economy disciplines over others (Abu-
Rayash and Dincer 2018). The finding was supported by
Yaghoubirad et al. (2022), who performed a multi-criteria
analysis comprising energy, exergy, economy, and environ-
ment disciplines of solar PV panels to investigate variations
in climate conditions on the panel performance. Responding
to the conclusions of Abu-Rayash and Dincer (2018) and the
choice of Yaghoubirad et al. (2022), in the study, we carry
out a sustainability assessment of solar PV panels in terms
of energy, economy, and environment disciplines.

Various approaches, methods, and indicators are applied
to carry out the sustainability assessment of the solar PV
systems according to the prioritized disciplines and make
decisions. Energy analysis of solar PV systems consist of
an assessment of at least eleven criteria, including energy
output, final yield, array yield, reference yield, system effi-
ciency, panel efficiency, inverter efficiency, performance
ratio, capacity factor, array losses, and system losses
(Owolabi et al. 2023). “PVsyst” is a widely used simula-
tion software for estimating the solar energy yield and for
optimizing the solar PV system design. Because of its accu-
racy, flexibility, ease-to use, a rich set of energy indicators
calculated, and detailed and explicit study on numerous
parameters that influence the efficiency of a system, the
software was used by Bansal et al. (2022), Tamoor et al.
(2023), Shrivastava et al. (2023) and many others. Bansal
et al. (2022) accomplished a detailed performance analysis
of a grid-connected utility-scale solar PV plant with three
PV technologies. Their findings revealed that the amor-
phous-Si PV panels have the lowest energy generation,
performance ratio, system efficiency, and yearly energy
density. The cadmium telluride and the polycrystalline-Si
PV panels are the prime PV technologies to be deployed in
India's hot semiarid climate. Tamoor et al. (2023) justified
that small-scale grid-connected monocrystalline PV panels
manufactured in China but installed in Pakistan have energy
production potential. Previous studies have demonstrated
that solar panels' efficiency and power output have increased
significantly over the last few decades. The monocrystal-
line-Si standard solar panel efficiency ranges from 15 to
24% (Ameur et al. 2021) and is expected to increase. The
average efficiency of monocrystalline-Si is lower (12.74%),
but this type of panel is more efficient than amorphous-Si

(4.52%) or polycrystalline-Si (10.48%) panels (Elibol and
Dikmen 2023). Elibol and Dikmen (2023) concluded that
monocrystalline-Si is the most suitable PV panel type. The
market for monocrystalline PV is expected to grow by 6.3%
annually until 2029, considering resource availability, mar-
ket potential, and cost competitiveness (Data Bridge Market
Research 2022). Since the early stages of PV deployment,
solar panels have continued to improve in efficiency, design,
use of materials, and manufacturing costs. Modern solar PV
panels generate significantly more power and have a longer
lifespan than early PV panels. The growing demand for
lower-cost energy generation has driven innovation at both
cellular and panel levels. Bifacial PV (bPV), utilizing both
sides of the cell for light absorption and electricity genera-
tion, is a promising mature technology (Guerrero-Lemus
et al. 2016). Compared with standard PV panels, bifacial
panels can be encapsulated in two different module struc-
tures: glass—glass (GG) and glass—backsheet (GB) (Singh
et al. 2015). However, as Singh et al. (2015) stated, the GG
panels can utilize the full potential of bifacial solar panels
and provide a much higher energy yield to end users under
outdoor conditions. Yin et al. (2021) argued that bifacial GG
PV panels provide more than 6% higher energy yield than
GB monofacial panels encapsulated with regular solar cells.
The energy yield gain of bifacial PV panels can be increased
by more than 10% owing to the optically enhanced effects
of a reflective coating on the rear glass (Yin et al. 2021). Gu
et al. (2020) and other scholars (Luo et al. 2018a, b; Kopecek
and Libal 2021; Kumbaroglu et al. 2021) confirmed that a
bifacial solar PV with a tracking system installed at an opti-
mal tilt angle can contribute 5-30% more power output than
standard PV panels. Additionally, the strengths of bifacial
PV panels include their high durability and high resistance
levels in compliance with IEC standards (Luo et al. 2018a,
b; Kopecek and Libal 2021; Kumbaroglu et al. 2021; Sinha
et al. 2021). Owing to the increased durability, the resist-
ance degradation of GG panels is expected to be 0.45% a
year, and standard panel degradation is expected to be 0.7%
a year over a 30-year lifetime; they can operate at 85% of
their capacity (Woodhouse et al. 2020). Modern GG panels
are expected to have a lifetime exceeding 20-30, or even
50 years (Venkat et al. 2020). The International Techno-
logical Roadmap for Photovoltaics (2021) predicts that the
global market share of bifacial PV panels will increase to
85% within the next decade.

Environmental analysis is performed to assess the carbon
dioxide (CO,) emissions, the land use, the pollutant and
noise emissions, the water consumption due to expansion of
solar PV systems (BoSnjakovi¢ et al. 2023), as well as the
energy payback time (EBPT) and GHG emissions rate (Peng
et al. 2013; de Wild-Scholten 2013; Louwen et al. 2015;
Wetzel and Borchers 2015; Chen et al. 2015; Gazbour et al.
2016; Lamnatou et al. 2016; Hou et al. 2016; Akinyele 2017,
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Fthenakis and Raugei 2017; El Dabosy and Sheta 2020;
Miiller et al. 2021; Jia et al. 2021; Li et al. 2022; Alam
2022). Results revealed that the development of PV capacity
against the criteria above positively impacts the environ-
ment. Life-cycle assessment (LCA) is a comprehensive
method used to assess and analyze environmental perfor-
mance. It is used to identify the maximum impact-generating
processes in product manufacturing (Sharma et al. 2020).
The number of LCA studies related to various types of PV
systems is increasing worldwide. Various studies have con-
sidered the differences in data resources, solar radiation,
technology characteristics, installation type, electricity gen-
eration mix of countries, system boundaries, assessment
criteria, and other factors. As part of it, Yaghoubirad et al.
(2022) performed the carbon footprint, the ExergoEnviron-
mental, the EneroEnviroEconomic, and the ExergoEnviro-
Economic analysis. The performed comparison of the LCA
results for different PV panel types showed that the mono-Si
PV standard panels outperformed bifacial GG panels in
terms of the energy payback time (EPBT) and the GHG
emissions intensity, which were estimated to be shorter and
lower, respectively, despite the assumptions and context con-
sidered (Peng et al. 2013; de Wild-Scholten 2013; Louwen
et al. 2015; Wetzel and Borchers 2015; Chen et al. 2015;
Gazbour et al. 2016; Lamnatou et al. 2016; Hou et al. 2016;
Akinyele 2017; Fthenakis and Raugei 2017; El Dabosy and
Sheta 2020; Miiller et al. 2021; Jia et al. 2021; Li et al. 2022;
Alam 2022). Furthermore, Hou et al. (2016) observed that
approximately 84% of the total energy in the LCA of PV
systems was consumed during the PV manufacturing pro-
cess. Solar-grade silicon production accounts for more than
35% of the total energy consumption; therefore, advanced
technologies should be developed and applied to reduce the
GHG emissions of PV systems in the future. A sensitivity
analysis conducted by Alam et al. (2022) showed that a 10%
increase in the lifespan could lead to a 9% decrease in all
environmental and human health impact categories. Scien-
tists have argued that the system's lifespan, functional unit,
and system boundary could noticeably affect LCA results.
Akinyele et al. (2017) determined the significance of geo-
graphical location and lifetime on the environmental perfor-
mance of a solar PV system. A comparative analysis per-
formed by El Dabosy and Sheta (2020) showed no significant
difference in GHG emissions between ground- and roof-
mounted PV systems. Louwen et al. (2015) observed that
silicon heterojunction PV systems outperformed standard
mono-Si PV systems in terms of the estimated life-cycle of
GHG emissions and EPBT. They found the main reason for
the better environmental performance was the higher panel
efficiency (18.4%) of silicon heterojunction solar panels
compared with the mono-Si panel (16.1%). The specificity
of Wetzel and Borchers (2015) is that, in the LCA, they
covered all steps from metal-grade silicon refinement to
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shipping the modules to the customer. Scientists have stated
that a comparison performed with data for the same produc-
tion chains in 2009-2010 showed a 15% reduction in EPBT
owing to process energy demand and loss reduction during
wafer, cell, and panel production. Lamnatou et al. (2016)
demonstrated that reflective films significantly improved the
ecological profile of PV systems. De Wild-Scholten (2013)
found that moving poly-silicon, ingots, wafers, cells, and
panels production to China could result in almost the same
EPBT but increase the GHG emissions by a factor of 1.3-2.1
depending on the electricity intensity of manufacturing.
Chen et al. (2015) proved that a significantly lower EPBT
could be achieved owing to the recent improvements in
China’s PV industry, which have led to energy savings and
decreased environmental pollution. These results confirm
the importance of technological improvements. Fthenakis
and Raugei (2017) argued that ground-mount installations
have a greater balance of systems (BOS) and a longer EPBT.
Peng et al. (2013) reported that a mono-Si PV system
achieved the worst results due to its high energy intensity
during panel manufacturing. They argued that new produc-
tion technologies, advanced manufacturing processes,
reduced consumption of silicon and other raw materials, and
increased recycling rates will continue to improve the envi-
ronmental performance of PV systems soon. Gazbour et al.
(2016) performed a comparative analysis of mono-Si stand-
ard and bifacial GG panels. In this analysis, only the manu-
facturing and operational phases were considered. The
results showed that the EPBT of the bifacial panel was three
times lower than that of the mono-Si PV owing to a 60%
reduction in energy demand, and the cumulative energy
demand of the open-ground bifacial GG PV installation in
Europe amounted to approximately 17.53 GJ/kW. Improve-
ments in the manufacturing process of new PV technology
have also led to a 58% decrease in CO, emissions. Jia et al.
(2021) calculated various environmental impacts, including
the global warming potential, of monofacial and bifacial pas-
sivated emitter and rear cell modules prepared using 158.75-,
166-, and 210-mm silicon wafers. The estimated environ-
mental impact of the bifacial panels was significantly lower
than that of the monofacial panels, mainly because the elec-
tricity generation of the bifacial panels was approximately
23% higher during the entire life-cycle. In contrast, the mate-
rial and energy consumption were similar. They concluded
that the greatest contributor to climate change was silicon
wafers' manufacturing and supply chains, accounting for
approximately 47-51%. Li et al. (2022) conducted a com-
parative study on bifacial PV systems applied to different
building forms in China. Their results showed that the power
generation of the bifacial PV increased by 10.7-12.7% com-
pared with the mono-Si panel. Depending on the building
form, the estimated EPBT of bifacial PV ranged from 5.0 to
6.6 years. A comparison with mono-Si PV showed that the
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EPBT of the bifacial panel was reduced by 5.7-7.4%,
although the energy demand during the bifacial PV manu-
facturing process was higher. Luo et al. (2018a, b) presented
a comparative LCA of PV electricity generation in Singa-
pore using three different PV systems, including a frameless
double-glass panel structure. The EPBT for silicon—frame-
less double-glass PV systems in Singapore is approximately
one year, and the GHG emissions are approximately
20 gCO,,/kWh. The results confirmed that long-term PV
panel reliability affects environmental performance and that
the utilization of frameless double-glass PV panels can sig-
nificantly increase the environmental benefits of electricity
generation. Tawalbeh et al. (2021) reviewed the environmen-
tal impacts of solar PV systems in context of fossil fuel tech-
nologies. They found that the carbon footprint emission from
PV systems were 14-73 gCO,./kWh, which is up to
50 times lower than emission reported from the burning of
oil. Seeking to reduce emissions from solar PV systems,
efforts are requested to optimize its design, development of
novel materials, minimize the use of hazardous materials,
recycling whenever possible, and careful site selection. Mah-
mud et al. (2023) studied the environmental impacts of solar
PV systems in context of other RES technologies. They
showed that PV power system made the highest environmen-
tal impact on ozone layer depletion, fresh water aquatic eco-
toxicity, and marine aquatic ecotoxicity, while hydropower
plant was identified to be more environment-friendly than
remaining RES electricity generation systems. The latest
review study carried out Cellura et al. (2024) focused on
emerging solar cells. Scientists found that they have superior
environmental impacts in comparison to conventional silicon
but emerging solar cells use toxic materials, therefore their
ecotoxicity and human toxicity should be further improved
through the design of the technologies. Furthermore, the
manufacturing process of emerging solar cells was identified
as energy and environmental hotspots. The latest studies
(Frehner et al. 2024; Benjamins et al. 2024) expressed inter-
est in shading effects, hydrodynamics, water-atmosphere
interactions, benthic ecosystems, mobile species, GHG
emissions, and payback time of floating solar power plant.
Results demonstrated that life-cycle GHG emissions were
94 gCO,/kWh and EPBT was 2.8 years. Wan et al. (2024)
studied the sustainability of large-scale solar PV system in
Malaysia by taking into account the meteorological uncer-
tainties. The results revealed that the emissions avoided by
PV system offset the environmental burden by 12-98 times.
LCA of different PV technologies should be performed
because their environmental impacts are expected to
decrease due to manufacturing process improvements,
reductions in energy demand during production, innovative
cell development, and recycling. LCA studies must be con-
ducted in the future to address environmental and energy
issues and foster the sustainable development of PV

technologies (Ludin et al. 2018; Lamnatou and Chemisana
2019). An LCA-related literature review shows that studies
have been widely performed on different types of PV sys-
tems; however, most of these studies were conducted on the
standard (STD) panels, and few LCA studies have been con-
ducted on other types of PV technologies, especially bifacial
GG panels.

Economic analysis includes but is not limited to assessing
the levelized cost of energy (LCOE) of solar PV systems.
In the area, much is done; however, economic analysis is
widely used to disclose the economic potential of solar PV
systems (Kozlovas et al. 2023). The application of LCOE
in the context of comparative analysis of various types of
solar PV panels is not plentiful. In the area, the research
of Kumbaroglu et al. (2021) and Gu et al. (2020) is worth
mentioning. According to the SWOT analysis results per-
formed by Kumbaroglu et al. (2021), the bifacial PV panel
has a lower LCOE than standard PV panel. Gu et al. (2020)
stated that current LCOE of bifacial PV is 2-6% lower than
standard panel.

In relation to findings of and gaps in the literature review,
we believe that the “PVsyst” software, the LCA, and the
LCOE are crucial tools designed to provide relevant infor-
mation about the solar PV panel’s compliance with sustaina-
bility requirements to motivate and scale up the development
of solar PV. In the context of the research conducted, this
work stands out in terms of the assessment of two differ-
ent types of PV panels (mono-Si standard and bifacial GG)
manufactured in Lithuania based on the efficiency, energy,
and GHG emissions payback, as well as GHG emissions
intensity and cost-effectiveness criteria.

The scientific novelty of this work is defined by the
construction of a solar PV panel life-cycle chain structure
based on national assumptions and the inclusion of a pay-
ment method for the storage of solar energy on the grid in
the national LCOE model to assess the sustainability of GG
type solar PV panel, which is less researched in scientific
literature, in relation to the STD type panel manufactured
in Lithuania. Furthermore, it identified the stages of the
solar PV panel’s life-cycle where it has the most significant
impact on the environment and proposed measures to reduce
this impact. Moreover, it compared two types of solar PV
panels’ manufacturing processes. It made informed deci-
sions regarding solar PV panel manufacturing business
improvement and its future directions in relation to the types
of solar PV panels to be manufactured. In addition, it justi-
fied the business continuity due to its profitability, which
was ensured by low LCOE. To our knowledge, this is the
first study of this kind to be conducted in Lithuania that pro-
vides insights into the importance of the country’s economic
sectors (mining, manufacturing, services, households, etc.)
in the global context of sustainable development and climate
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change when producing and servicing solar PV technologies
in the country.

This study aims to answer the following scientific ques-
tion: How do we assess sustainability of solar PV panels
to support and scale up development of solar PV systems
worldwide when addressing sustainable development and
climate change issues originating from the manufactur-
ing and service of solar PV panels in Lithuania through
the application of the “PVsyst” software, the LCA and the
LCOE based on the criteria of efficiency, energy and GHG
emissions paybacks, as well as GHG emissions intensity and
cost-effectiveness criteria, which refer to the selected disci-
plines, respectively?

This study aims to perform a sustainability assessment
of the GG and STD types of solar PV panels manufactured
in Lithuania, considering criteria of efficiency, energy, and
GHG emissions payback and emissions intensity, as well as
cost-effectiveness. In this way, it aims to identify the over-
all sustainability superiorities of advanced solar PV tech-
nologies and their significance in the context of sustainable
development and climate change.

Four hypotheses are formed related to each sustainability
assessment criterion and overall assessment. They are devel-
oped in relation to the literature review findings, assuming
that solar PV panels' sustainability improves with increas-
ingly advanced PV technologies. In this way:

H, The GG type solar PV panel generates more electricity
than the STD type; therefore, regarding energy discipline,
the GG type is more efficient and sustainable than the STD
type solar PV panel.

H, The life-cycle GHG emissions and energy consump-
tion of the GG type are lower than those of the STD type;
therefore, the energy and GHG emissions payback and emis-
sions intensity of the GG type are better than those of the
STD type; in terms of environment discipline, the GG type
is more sustainable than the STD type.

H, The GG type is awarded with lower LCOE compared
to the STD type solar PV panel; therefore, it is more cost-
effective than the STD type, and in terms of economy disci-
pline, the GG type solar PV panel is more sustainable than
the STD type.

Hj; Overall, the sustainability of advanced solar PV tech-
nologies is supreme compared to the standard ones.

To reach this aim, the following methods were applied:
literature review, the “PVsyst” software, the LCA and the
LCOE, case studies, and comparative analysis.

The remainder of this paper is organized as follows.
Section 2 describes the specificities of the research object
and the method applied, and explains the assumptions and
processes. Section 3 introduces the results of the analysis,
including the structure of life-cycle energy consumption and
related GHG emissions, life-cycle EPBT, life-cycle GHG
emissions payback time (GPBT), GHG emissions intensity,
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and LCOE of two different types of PV panels manufactured
in Lithuania. Finally, Sect. 4 presents our conclusions.

Methodology

This methodological section presents the research object, the
method applied, and the assumptions.

Research object

Considering Lithuania's climate conditions, the currently
most widely used monocrystalline solar PV panels were
selected for sustainability assessment. The national producer
SoliTek has been manufacturing solar PV panels since 2013.
Ten years of successful operations have made the SoliTek
the leading manufacturer of solar PV panels in the Scandina-
vian region. In addition to manufacturing, the company also
designs and installs PV for end users and provides main-
tenance services. The company's extensive experience and
certified operations ensure the reliability of the data used
for sustainability assessment. The STD and the GG types
were selected based on the literature review results. Standard
M.60 365 W and SOLID Bifacial Glass—Glass 355 W solar
PV panels manufactured by SoliTek were analyzed. The
STD panels were fabricated using 60 units of silicon cells
(6% 10), two sheets of 1045 x 1778-mm EVA film, one sheet
of 1778 X 1057 x 35-mm glass, one sheet of 1800 x 1060-
mm plastic backing, and an aluminum frame. The GG type
comprised 60 cell units, two sheets of 1045 X 1778-mm POE
film, and two 1778 X 1057-mm glass sheets.

Assessment criteria

A sustainability assessment of solar PV panels was carried
out, considering the efficiency, the EPBT, the GPBT, and the
intensity of GHG emissions, as well as the cost-effectiveness
criteria described below.

Efficiency. The most important criterion for a solar PV
panel is its efficiency. The solar PV panel conversion fac-
tor, defined as the percentage of incident solar energy con-
verted to electricity (Center for Sustainable Systems 2023),
was used to assess efficiency. According to the Center for
Sustainable Systems (2023), most commercial panels have
efficiencies ranging from 15 to 20%, but researchers have
already developed PV cells with efficiencies approaching
50%.

This study analyzed solar PV panels under the same cli-
matic and static conditions. The differences in efficiency
were determined by the ability of the GG type solar PV
panel to generate electricity from both sides. This implies
that, for GG type solar panels, in addition to the direct
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sunlight per unit area, it is necessary to consider the reflected
light from the Earth’s surface, which contributes to generat-
ing a larger amount of electricity. It is calculated by evaluat-
ing the direct sunlight per unit of surface area as well as the
surface reflection coefficient, known as albedo (SunMaster
2023), using Eq. (1):

a = (1 - D)a(6,) + Da 1)

where (1 — D) is the proportion of direct radiation from a
sun angle; a(6,) is the directional hemispherical integral of
reflectance; D is the proportion of diffuse illumination; and
« is the bi-hemispherical integral of reflectance.

Owing to the differences in the efficiencies of solar PV
panels, different volumes of electricity are generated by the
STD and GG types of solar PV. In this research, the software
package “PVsyst” was used to calculate the electricity gen-
eration volume (G,,,,) during the lifetime of solar PV panels.
“PVsyst” allows the assessment of the efficiency of solar PV
panels and annual meteorological data of a certain region,
and provides forecasts of electricity generation volumes with
monthly or even hourly accuracy.

Energy and GHG emissions payback times, as well as GHG
emissions intensity

To assess the relative environmental impact difference, this
study compares the life cycles between the GG and the STD
types of PV panels. The LCA methodology used to deter-
mine the environmental impacts of the PV panels is based on
the International Standards Organization ISO 14040 and ISO
14044 (ISO 14040:2006; ISO 14044:2006). The functional
unit, i.e., the reference to which the inventory and impact
assessment is done, is defined as 1 kWh of electricity pro-
vided to the grid. The data required for a complete analysis
of the PV panels concerns the raw materials used, the energy
consumed, and the emissions generated at each stage of the
life-cycle studied. This study was based on secondary data
taken from manufacturing company, various study reports,
and other published sources. The production of feedstock,
manufacture of components, transportation of components,
manufacture of solar PV panels, transportation of solar PV
panels for installation, and utilization of PV panels are all
included in this study’s system boundary. This LCA study
examined three main environmental criteria: the EPBT, the
GPBT, and the intensity of CO, emissions (GHG measure).

The EPBT indicates that the PV panel must produce
energy to recover the energy consumed during its life-cycle
(Ehara et al. 2022). Gessert (2012) observed that different
assumptions can be applied to calculate the EPBT; however,
the energy required to manufacture PV panels should be
as inclusive as possible. Comprehensive calculations of the

EPBT account for the energy consumed to mine, transport,
refine, manufacture, and deliver all components of PV pan-
els to those required to deposit/assemble/package PV pan-
els, deploy them, and eventually recycle them at the end of
their lifespan. Rahman et al. (2017) observed that the EPBT
strongly depends on geographical location; therefore, previ-
ous studies have observed a wide range of EPBT values. In
this study, the EPBT is calculated using Eq. (2):

EPBT = (Ep + Ec + Erg ¢ + Eypy + Ergpy + Ey) @ Gy
@

Where Ep E is the energy used to produce the feed-
stocks, kWh; E is the energy used for the manufacture
of the components of solar PV panels, kWh; Em ¢ is the
energy used for the transportation of components of solar PV
panels, kWh; Ey; py s the energy used for the manufacture
of solar PV panels, kWh; Ery py is the energy used for the
transportation of solar PV panels to sites and periodic visits,
kWh; Ey; is the energy used for the utilization of solar PV
panel, kWh; and G_el is the average generation of electricity
by solar PV per year, kWh.

The energy used in the production of the feedstocks E
E p and components E. is calculated considering the norms
of energy used for feedstocks (kWh/kWp) and components
manufacturing (kWh/kWp) in China.

The energy used for the transportation of components
Etg_c is calculated by Eq. (3):

Errc = 2:1:1 z;=l (D oT X Wc;T X ENC;T e :jc;T X kc;'I‘ ) (3)

where D .1 D .1 is the distance of component ¢ transporta-
tion from the site of its manufacture to the site of manufac-
ture of solar PV panels by transportation mode 7, including,
air, land, water, and rail (from / to z), km; m is the number
(variety) of components transported; W . W1 is the trans-
ported weight of component c, t; EN..r EN_.1 is the energy
consumption norm by transportation mode, kWh/tkm; n_.t
n..7 is the number of containers, units; j..r j..r is the number
of components in a container, units; and k .1 k.1 is the num-
ber of components used to manufacture one solar PV panel,
units. EN . was taken from Klein et al. (2021).

The energy consumed to manufacture solar PV panels
E, py is calculated by Eq. (4):

k
Ey,, = 21(:1 (WCy, k X tix X Nig) 4

where Ey; py Ey; py 18 the energy consumed to manufacture
a 1 kW solar PV panel, kWh; WC,., WC,., is the working
capacity of equipment / used in manufacturing process K,
kW; t,.x ¢ is the working time of equipment / used in the
manufacturing process K for 1 kW solar PV, h; Ny N is
number of equipment / used in manufacturing process K,
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units; and K is the manufacturing process of solar PV vary-
ing from / to k.

The energy used in the transportation of a solar PV panel
to a site and periodic visits was calculated using Eq. (5):

where t is the operation time of solar PV; D D, is the
distance from the PV panel factory to the PV plant, km; c
c is fuel consumption, kWh/km; n n is the quantity of PV
panels transported; and C is the capacity of one module, i.e.,
0.355 kW (GG) or 0.365 kW (STD).

The energy used in the utilization of solar PV panels
(cells, ribbons, back sheets, glass, frame, EVA, and POE
films) E; is calculated by considering the weight of the uti-
lized components.

The GPBT is defined as a metric to identify the environ-
mental performance of solar energy compared with a fossil
energy benchmark, which equals the time (months) it takes
for the total GHG emission savings due to the replacement
of fossil energy by solar energy to equal the GHG emissions
during a solar PV panel’s life cycle (Dammeier et al. 2019).
GPBT was calculated using Eq. (6)

GPBT = GHG, ¢, : <G_el X EFd) (6)

where GHG; -, GHG (-, is the life-cycle GHG emissions of
the solar PV panel, gCO,; G_e] G_e] is the average generation
of electricity by the solar PV panel in a month, kWh/kW/
month; and EF,; EF,, is the emission factor of electricity,
gCO,/kWh. EF EE,, is taken as 420 gCO,,,/kWh, as it has
been approved by the Ministry of Environment of Lithuania
(2020) for electricity purchased from the grid in Lithuania.

The GHG emissions intensity (GHG measure
GHG measure) are associated with the life-cycle GHG
emissions of a solar PV panel (GHG; -,) GHG; ,) and
solar PV electricity generation volume during its lifespan
(2;1 Gel;t)(z;1 G,,,)). where t is the operation time of solar
PV. 1t is calculated by Eq. (7):

i

GHG measure = GHG, -, : Gy @)

t=1

The GHG emissions of solar PV panels include GHG
emissions from different stages of their life cycle (Tirmike1
and Yavuz 2020). In this study, the GHG; -, GHG/ -, is cal-
culated by Eq. (8)

GHG, ¢, = GHGg/, + GHG ¢ + GHGy ¢
+ GHG ;py + GHGg py + GHGy, 8)

where GHG, -, GHGy -, is the life-cycle GHG emissions
of a solar PV panel, gCO,.; GHG GHGp is the GHG
emissions from the manufacture of feedstocks, gCOy.

@ Springer

GHG GHG - GHG is the GHG emissions from the
manufacture of solar PV components, gCO,.,; GHG g ¢
GHGR ¢ GHGg ¢ is the GHG emissions from the trans-
portation of components to manufacturer solar PV pan-
els, gCOyq; GHG y py GHG yjpy is the GHG emis-
sions from the manufacture of a solar PV panel, gCO,;
GHGrg py GHGry py is the GHG emissions from the trans-
portation of solar PV panels to the installation site and peri-
odical visits, gCO,.; GHGy GHGy is the GHG emissions
from the utilization of the solar PV panel, gCO,.

The GHG emissions from the production of feedstocks
(GHG  GHG ) and manufacture of components (GHG -
) were calculated considering norms of feedstocks (gCO,/
kWp) and components manufacturing in China.

The GHG emissions from the transportation of compo-
nents were calculated by Eq. (9):

GHGrg ¢ = 211 Z;, (Desr X Wear X GHGNeor ey fer X Kerr ) ®

where GHGN,.;GHGN¢.1GHGN(.t is the GHG emissions
norm, gCOZeq/tkm, which was taken from Klein et al. (2021).

The GHG emissions from the energy consumed in the
manufacture of solar PV panels (GHGy; py GHGy; py) can
be calculated by Eq. (10):

K
GHGypy = EFq X By py =EFg x )" (WG, g Xty X Nig)  (10)

The GHG emissions from the transportation
(GHG1g pyGHG1y py) of solar PV panels to a site and peri-
odic visits were calculated using Eq. (11):

GHGrgpy = ) EFgx (D, xc) : n: C (11)

t=1

where EFg EF is the emission factor of the used fuel,
tCO,q/km.

The GHG emissions from the utilization (GHG; GHGy))
of solar PV panels can be calculated by Eq. (12):

GHGy = (my X Bggp, XEF )+ ) Ey xEF,  (12)

Cost-effectiveness. The cost-effectiveness of solar PV
panels was assessed by calculating the levelized of elec-
tricity (LCOE). According to the International Renewable
Energy Agency (2012), “...the LCOE is the price of electric-
ity required for a project where revenues would equal costs,
including making a return on the capital invested equal to the
discount rate. An electricity price above this would yield a
greater return on capital, while a price below it would yield
a lower return on capital, or even a loss...”. The LCOE is
measured by dividing the present value of all expected lifes-
pan costs (including construction, investment, operation and
maintenance (O&M), fuel, and taxes) by the present value
of the expected volume of energy produced over the energy
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project’s lifetime (Bilgili and Unal 2023). In this study, an
extended approach to the LCOE is applied. This has been
presented in detail by Bobinaite and Konstantinaviciute
(2018). The LCOE is calculated using Eq. (13):

T I+ O0&M, - IS,
a+d
¢ (13)
ZT C, - 8760 - LF - (1 — DE)
=0 (1 +a)

LCOE Z

where [, is the investment at time step t, EUR; O & M, are
the O&M costs at time step t, EUR; IS, is the investment
subsidy, EUR; C; is the installed capacity, kW; LF is the
load factor, %; DE is the degradation coefficient, %; d is the
discount rate, %; and t is the time period, years.

I; includes the cost of a PV panel and the acquisition of
the BOS (inverters, cables, structures, lightning protection
systems, and others, known as system integration). Elshurafa
et al. (2018) reported that the share of the BOS in the struc-
ture of capital costs increased from 29 to 51% between 2007
and 2014. After consulting solar PV installers at the begin-
ning of 2023, a BOS of 65% was accepted.

O & M, costs are calculated using Eq. (14):

O&M, = FC, + VC, (14)

where FC, is the fixed cost (EUR/kW/year) and VC, is the
variable cost (EUR/KWh).

Lee et al. (2018) assumed that FC, has a capital cost of
1%. This assumption was adopted in this study. VC, is the
cost of electricity storage. Storage costs were calculated con-
sidering the billing method of the prosumers. This was the
payment for installed capacity.

IS, is part of a model of public support for the develop-
ment of renewable energy. In Lithuania, the Environmental
Project Management Agency (2023) provides investment
subsidies for solar PV. The investment subsidy was 323
EUR/kWp.

The discount rate is calculated using Eqs. (15) and (16).

d = WACC (15)

where WACC, is the weighted average cost of capital under
project financing strategy 1, %.

B D,
El Dl RD;Z El D] (1 - Tincome)

WACC, =R, -
16)
where Rg. is the cost of equity, %; E, is the amount of
equity financing, EUR; D, is the amount of debt financing,
EUR; Ry, is the cost of debt financing, %; and T; is the
income tax, %.
Overall sustainability. It is decided by comparing val-
ues of respective indicators of the GG and the STD types
with each other, as it is presented in Table 1.

mcome

Table 1 is fulfilled after the specified indicators are cal-
culated by applying “PVSyst”, Egs. (2), (6), (7) and (13),
respectively; and obtained values of corresponding indi-
cators compared with each other. In detail, if the type of
PV panel is determined to be superior according to the
selected indicator, it is assigned with 1, but if not, then
with 0. Finally, assessments are summed up by consider-
ing that the contribution of each indicator to total weight
is equal (same). The type of PV panel with the highest
cumulative score varying from 0O to 5 is considered more
sustainable than that with lower one.

Assumptions Efficiency. The “PVsyst” software package
calculates the generation forecasts of different types of PV
panels, taking into account the assumptions summarized in
Table 2. Information indicated in Table 2 is obtained from
SoliTek datasheets of the STD and the GG type PV panels,
as well as the latest installation place of solar PV systems.

Energy and GHG emissions payback, as well as GHG
emissions intensity. Energy and related GHG emissions
at different stages of the life cycle of the PV panels were
assessed considering the following assumptions. In this
study, we focused on understanding the role of national cli-
matic conditions described below.

E r and GHG -GHGy, as well as E - and GHG -GHG
are calculated by taking into account norms (kWh/kWp and
2CO,/kWp) which were derived by Hou et al. (2016) and de
Wild-Scholten (2013). In detail, the following components
are assessed on norms: ingot/crystal, wafer, cell, frame, and
BOS.

Err c and GHG -GHG 1, - are estimated considering the
assumptions summarized in Table 3.

Components are transported from China to Lithuania by
various modes of transportation, including:

¢ Long heavy vehicles on a motorway from Yangsu (China)
to Qindao Harbor (China) (679 km);

e Maritime shipping in container ships from Qingdao
(China) to Gdansk Harbor (Poland) (24,715 km);

e Maritime shipping in container ships from Gdansk
(Poland) to Klaipeda Port (Lithuania) (265 km)

Table 1 Overall sustainability assessment (compiled by the author)

Indicator Assessment GG type STD Type
Gy The higher the better

EPBT The lower the better

GPBT The lower the better

GHG measure The lower the better

LCOE The lower the better

Total ) 2z
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e Road container transport from Klaipeda Port to a factory
in Vilnius (Lithuania) (300 km).

Distances are set by using Ports.com and Google Maps.
Components are transported in 20'DC containers, and fac-
tory-ordered components are in heavy- and medium-loaded
containers. This affects the EN_.r and GHGN¢.rselection,
which were derived by Klein et al. (2021). Higher EN_.t
and GHGN(..y are applied to the transportation of medium-
loaded containers. Glass, frames, and films are transported
in heavy-loaded containers, while cells, junction boxes,

Table2 Assumptions for electricity generation forecasts (compiled
by the authors)

Assumption STD type GG type
Geographical site Vilnius Vilnius
Situation:

Latitude 54.69° N 54.69° N
Longitude 25.28°E 25.28°E
Altitude 93 m 93 m
Project settings:

Albedo 0.20° 0.30

PV field orientation:

Tilt 35° 35°
Azimuth 0° 0°
System information:

Number of panels 5 units 5 units
Nominal capacity 1.825 kWp 1.775 kWp

Panels 1 string x 5 in series 1 string x 5 in series

Bifacial model geometry:

Sheds spacing 10 m
Sheds width 3.04m
Height above ground 1.5m
Efficiency 19.42% 19.11%
Degradation coefficient  0.8% 0.4%
Lifetime of PV panel 20 years 30 years

ribbons, and back sheets are transported in medium-loaded
containers.

Various pieces of equipment are used to manufacture
solar PV panels (Table 4).

As shown in Table 4, manufacturing the STD type panel
requires more devices than manufacturing GG type panels.
The latter method does not require a panel-edge-trimming
machine or an automatic framing device. All items were
used for the same amount of time.

Once PV panels are manufactured and sold, they
are transported for installation. Epg pyErgpy and
GHGrr pyGHGg py are estimated taking into account
assumptions about the onetime transportation of PV panels
for installation and periodic visits (once per year during the
lifetime) to the site for maintenance. It is assumed that visits
are carried out in a gasoline-powered vehicle with a fuel
consumption rate of 12.51/100 km and a CO, emission fac-
tor of 72.77 t/TJ (Konstantinaviciute 2016). An assumption
is made that five units of solar PV panels, equivalent to a
1.825 kW STD type or 1.775 kW GG type solar power plant
(PP), are installed in Vilnius 20 km away from the factory.

Ey Ey and GHG; GHGy, are calculated considering the
weight of the crushed and recycled components (Table 5),
and the amount of electricity required for the crushing of
panels, separation of materials, and the recycling of the
resulting materials (silicon, plastic, glass, and aluminum)
was taken from the scientific articles published by Dam-
gaard et al. (2009), Astrup et al. (2009), Larsen et al. (2009),
Fthenakis and Kim (2011), and Mulazzani et al. (2021).

As shown in Table 5, all components, excluding the junc-
tion boxes, are recycled by the company. The amount to be
recycled corresponded to the weight of outdated compo-
nents and their defects during the manufacturing process.
The defects per solar PV panel are calculated by consider-
ing the actual defect data by component for the company
in 2021. The amount of CO, emitted during the utilization
phase is calculated after applying the recycling norms for
plastic (0.6 gCO, per g of material), metal (0.0526 gCO, per

Table 3 Assumptions for the assessment of energy and related GHG emissions from transportation of components (SoliTek 2021)

Component  Weight, t/unit Number of components =~ Number of contain- Number of components used to Number of components used to
per DC'20 container, ers transported, manufacture a single STD type manufacture a single GG type
units units solar PV panel solar PV panel

Cell 0.000012 42,240 1 60 60

Junction box 0.000236 2000 1 1 1

Ribbons 0.00019 2632 1 1 1

Back sheet  0.0015 3,389,830 1 1 0

Glass 0.009 2600 1 1 2

Frame 0.003 5022 1 1 0

EVA film 0.00080 21,468,927 1 2 0

POE film 0.00076 21,468,927 1 0 2
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Table 4 Assumptions for the assessment of energy and related GHG emissions from the manufacture of PV panels (SoliTek 2021)

Machines, devices, and equipment

Is equipment used in the manu-

Capacity, kW Quantity, units  Time used, s

facture of

STD- type GG- type

panels? panels?
Cutters of EVA and POE films Yes Yes 6 2 10
Devices for glass and back-sheet application Yes Yes 9 2 55
Stringer Yes Yes 19 1 126
Lay-up Yes Yes 8 1 252
Conveyor system before laminator Yes Yes 20 1 55
EL testers Yes Yes 1.75 2 94
Laminator Yes Yes 78 1 375
Conveyor system after laminator Yes Yes 20 1 60
Buffer Yes Yes 0.96 1 20
Device for turning the panel for visual inspection Yes Yes 0.96 1 25
Panel edge trimming machine Yes No 2 1 15
Device for automatic framing Yes No 8.5 1 31
Table 5 Weights of recycled and crushed components of a single Energy: efﬁciency

solar PV panel (Solitek 2021)

Recycling and crushing Utilized weight of Utilized weight

STD type, g of GG type, g
Cells 720.9 720.9
Ribbon 190.0 190.0
Back sheet 1511.6
Glass 9001.9 18,039.1
Aluminum frame 3000.0
EVA film 1602.7
POE film 1531.9
Crushing 16,027.1 20,481.9

g of material), and glass (0.07 gCO, per g of material) to the
weights of the components. The amount of energy used to
recycle the components is calculated by applying an electric-
ity emission factor of 420 gCO,,/kWh. The company used
0.057 kWh of energy to recycle the cell and 0.094 kWh of
energy to crush 1 kg of the components.

Cost-effectiveness. The economic aspects of solar PV
panels are assessed considering the assumptions summa-
rized in Table 6 and Table 7.

The analyzed financing strategies and discount rate values
used in this study are listed in Table 7.

Results and discussion

This section discusses the results of the sustainability assess-
ment of the GG and STD types of solar PV panels manufac-
tured in Lithuania, considering criteria of efficiency, energy
and GHG emissions payback and, emissions intensity, as
well as cost-effectiveness.

Based on the “PVsyst” estimations, a 1.825 kWp STD type
PV system produces 1825 kWh a year. Its performance ratio
is 82.96%. Similarly, a 1.775 kWp GG type PV system gen-
erates 1986 kWh a year. Its performance ratio is 92.93%.
Seeking the “PVsyst” results to be comparable, we recal-
culate them to 1 kW by taking into account lifetime and
degradation coefficient. Results are presented in Fig. 1.
Figure 1 shows that the GG type PV panel is more effi-
cient than the STD type PV panel in terms of the electric-
ity produced annually and during its lifetime. Due to the
bifacial feature, which compensates for lower efficiency
(19.11%), in the first year of its life cycle, the GG type
panel produces approximately 11% more electricity than
the STD type. Due to the degradation of the PV panels,
the annual efficiency of solar PV panels decreases, result-
ing in reductions in the amount of electricity produced by
both types of PV panels. The GG type degrades slower.
Therefore, the decreases in the annual amount of generated
electricity are moderately reduced compared to the STD
type, whose production curve shows a steeper slope. At the
end of the life cycle of the STD type panels, the GG type
remains more efficient as it generates approximately 20%
more electricity than the STD type. This is in line with the
findings of Yin et al. (2021), Gu et al. (2020), Kopecek and
Libal (2021), Kumbaroglu et al. (2021), Luo et al. (2018a,
b), Guerrero-Lemus et al. (2016), Sinha et al. (2021) who
estimated that a bifacial PV system could produce up to
30% more energy than a standard system, with an aver-
age value of 6-10%. During its life cycle, a 1 kW GG
panel produces 32.75 MWh of electricity, which is 67%
more than that produced by the STD panels (19.58 MWh).
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Table 6 Assumptions for the
economic evaluation of a solar
PV (compiled by the author)

Table 7 The financing strategies
and discount rates (compiled by

Parameters

Indicators

STD type

GG type

Technical

Capital cost

Operational
and maintenance
cost

Support measure

Economical

Financing

Installed capacity, kW
Efficiency, %

Degradation coefficient, %
Lifetime of PV, years

Price of PV panel, EUR/unit
BOS, EUR:

Fixed cost, EUR/kW a year

Variable cost, EUR/KW
Investment subsidy, EUR/kW
Investment subsidy, %
Inflation, %

Discount rate, %

Payment for installed capacity,
EUR/KW per month

Equity profitability, %

Interest rate of long-term debt, %
Loan term, years

Method of loan repayment

1.825 (5 units)
19.42

0.8

20

198.75
1280.40

12.46
(1.0% of capital cost)

3.94

323

27% of capital cost
1.5

See Table 7

3.94

5.0;5.5;6.0
3.0;3.5;4.0
10

Annuity

1.775 (5 units)
19.11

0.4

30

226.51
1254.55

13.45
(1.0% of capital cost)

3.94

323

24% of capital cost
1.5

See Table 7

3.94

5.0;5.5;6.0
3.0;3.5;4.0
10

Annuity

Financing strategy

Explanation of financing strategy

Discount rate, %

the author) E100 100% equity 5.0;5.5; 6.0

E80:D20 80% equity 4.5;5.5;5.0
20% debt

E73:1S27 (STD type) 73% equity 5.0;5.5;6.0
27% investment subsidy

E53:1S27:D20 (STD type) 53% equity 4.3;5.3;4.8
27% investment subsidy
20% debt

E76:1S24 (GG type) 76% equity 5.0;5.5;6.0
24% investment subsidy

E56:1S24:D20 (GG type) 56% equity 4.36; 4.84;5.32

24% investment subsidy
20% debt

Besides, due to a decade-longer lifetime, the GG type pro-
duces an additional 10.14 MWh of electricity.

Thus, H, that the GG type solar PV panel generates
more electricity than the STD type; therefore, in terms
of energy discipline, the GG type is more efficient and
sustainable than the STD type solar PV panel is approved.

Environment: energy and GHG emissions payback,
emissions intensity

During its life cycle, the 1 kW GG type PV panel uses 1.8%
less energy than the STD type (Fig. 2).

As shown in Fig. 2, during its life cycle, a 1 kW STD
type solar PV panel consumes 2054 kWh of energy, while

@ Springer

the GG type — 2016 kWh. The most significant amount of
energy is used in the production of feedstock and the manu-
facturing of components, and the country of origin is China.
The energy for feedstocks accounts for 38% of the energy
consumption structure, followed by energy for components,
which comprises 31% (STD type) and 17% (GG type). The
share of energy used to manufacture a 1 kW solar PV panel
in Lithuania is low — 1.5%. This is equivalent to 28.7 kWh
for manufacturing the STD type and 29.3 kWh for manu-
facturing the GG type panels. The energy consumption for
utilization accounts for 31 (STD type) and 29 kWh (GG
type), constituting approximately 2% of the structure. In
Lithuania, the transportation of 1 kW solar PV panels to the
site for installation and, later on, periodic visits consume
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Fig. 1 Annual production
volume of electricity by the GG
and STD PV panels, kWh (own
estimations)
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the most energy, 547 kWh (STD type) and 829 kWh (GG
type). One should consider that energy use in transportation
and periodical visits could be significantly reduced if a large
solar PV plant is installed. Besides, a distant solar PV PP
will require more fuel to reach it, resulting in higher total
energy consumption.

The GHG emissions during the life cycle are shown in
Fig. 3.

Calculations revealed that the GG type PV panel emits
0.92tCO,,, during its life cycle, 3.3% less than that of the
STD type panel (0.95 tCO,.,). Approximately 70-80% of
GHG emissions are generated during feedstock produc-
tion and component manufacturing in China. In Lithuania,
18% (STD type) and 26% (GG type) of the emissions are

Fig.2 Total energy consump-

tion during the life cycle of 2500
1 kW STD and GG type PV
panels, kWh (own estimations)
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generated during solar PV panel manufacturing, transporta-
tion to the site, periodic visits, and utilization.

Since the most energy is consumed and the most GHG
emissions are emitted during the transportation of solar PV
panels, we assessed how the latter indicators will change
subject to changes in the distance from manufacturer to the
site and changes in installed solar PV capacity (Table 8).

Calculations demonstrated that after transportation dis-
tances of solar PV panels to the site and periodical visits
increase from 20 to 300 km, energy used and related GHG
emissions per 1 STD type panel increase by 15 times and 1
GG type panel — by 13 times. In contrast, increase in capac-
ity from 2 to 40 kW transported to the site and periodical
visits, reduce energy consumption and GHG emissions of 1
STD type panel by 22 times and 1 GG type panel — by 23

® Utilization of solar PV
panel

® Transportation of solar PV
panel and periodical visits

Manufacture of solar PV
panel

® Transportation of
components

® Manufacture of
components
B Production of feedstock

GG type
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times. In Lithuanian side, seeking to mitigate GHG emis-
sions it is recommended to transport more solar PV panels to
geographically close sites. Transportation of small number
of solar PV panels over long distances causes increase in
life-cycle energy consumption and related GHG emissions.
Thus, if the STD type panel is installed in Lithuania, its life-
cycle GHG emissions from transportation are 0.002-0.78
tCO,,. Life-cycle GHG emissions from transportation of 1
GG type panel is 0.003-0.96 tCO,,.

The estimated environmental indicators are summarized
in Table 9.

The results reveal that the energy pays off in approxi-
mately two years and three months for the STD type of solar
PV panel. However, the GG type panels pay off approxi-
mately four months faster, as indicated by the EPBT val-
ues. The life-cycle GHG emissions pay off in approximately
2 years. In the case of the GG type panel, it pays off GHG
emissions four months earlier than the STD type panels.
Furthermore, producing 1 kWh of electricity by the GG type
produces 42% less emissions than the STD type, which pro-
duces GHG emissions of 28.0 gCO,/kWh.

Thus, H; stating that the life-cycle GHG emissions and
energy consumption of the GG type is lower than those of
the STD type, therefore the energy and GHG emissions
payback, the emissions intensity of the GG type is better
than those of the STD type; in terms of environment disci-
pline, the GG type is more sustainable than the STD type,
is approved.

Economy: levelized cost of electricity

The average cost of electricity production depends on the
financing strategy and discount rate, as shown in Fig. 4.

Fig.3 Total GHG emissions
during the life cycles of 1 kW 1.00
STD and GG type PV panels, BT
gtCO,, (own estimations) 0.90

. 0.80

o
W
[

GHG emissions, tCO2eq

Table 8 Sensitivity analysis (own estimations)

Assumption Energy used, kWhper 1 ~ GHG emissions, t per 1

PV panel PV panel

STD type GG type STD type GG type
Distance change
2 kW/20 km 200 295 0.05 0.08
2 kW/150 km 1496 1841 0.39 0.48
2 kW/300 km 2993 3681 0.78 0.96
Solar PV capacity change
2 kW/20 km 200 295 0.05 0.08
20 kW/20 km 18 26 0.005 0.007
40 kW/20 km 9 13 0.002 0.003

Figure 4 shows that the highest cost of electricity produc-
tion occurs after choosing the E80: D20 financing strategy,
comprising 80% equity and 20% debt financing. Under this
strategy, the average LCOEs of the STD and GG type panels
are 0.16 and 0.15 EUR/kWh, respectively. The LCOE has
the highest and lowest values. They are defined by the esti-
mated discount rates (Table 7). The difference between the
highest and the lowest LCOE values is 0.01-0.02 EUR/kWh.
An investment subsidy of 323 EUR/kWp decreases the aver-
age LCOEs of the STD and the GG type panels by 13.8% to
0.13 EUR/kWh (E73:1S27 financing strategy) and by 12% to
0.13 EUR/kWh (E76:1S24 financing strategy), respectively.
This is the lowest average LCOE among the strategies ana-
lyzed. The second-best financing strategy consists of a mix
of financing sources. In detail, the E53:1S27:D20 assures
the average of 0.13 EUR/kWh for the STD type, and the
E56:1S24:D20 defines the average of 0.13 EUR/kWh for
the GG type. The average LCOE of 100% equity financ-
ing (E100 financing strategy) is similar to 20% debt and

m Utilization of solar PV
panel

® Transportation of solar PV
panel and periodical visits

Manufacture of solar PV
panel

Transportation of
components

® Manufacture of
components

® Production of feedstock
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Table9 EPBT, GPBT, and

Indicat STD t 1 GGt 1
GHG measuresEnergy payback neator YPe pane Ype pane
t%me, GHG emissio'ns .payback Energy payback time (EPBT), years 2.20 1.91
Flme, gnd GHG CISSIons GHG emissions payback time (GPBT), months 27.68 24.00
intensity (own estimations)

GHG emissions intensity (GHG measure), gCO,./kWh 48.4 28.0

80% equity financing. Under the E100 strategy, the average
LCOE for the STD type is 0.15 EUR/kWh and for the GG
type is 0.14 EUR/kWh. The estimations reveal that the aver-
age LCOE of the GG type solar PV panel is 4% lower than
that of the STD type panel.

Therefore, H, stating that the GG type is awarded with
lower LCOE in comparison to the STD type solar PV panel;
therefore, it is more cost-effective than the STD type, and in

Fig.4 LCOE of the STD type 0.18

terms of economy discipline, the GG type solar PV panel is
more sustainable than the STD type is approved.

Overall sustainability

Overall sustainability assessment of the GG and the STD
types of solar PV panels is given in Table 10.

a and GG type b PV panels,

EURct/kWh (own estimations) 0.17
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As presented in Table 10, the GG type has advantages in
all disciplines and indicators. Its sustainability assessment
cumulative score is 5 from 5, while the STD type is provided
with O from 5, which does not suggest that the STD type
is not sustainable. It merely states that the advanced solar
PV panels are more sustainable than the standard ones in
accordance with five indicators representing the key sus-
tainability disciplines: energy, environment, and economy.

Therefore, H; states that the sustainability of advanced
solar PV technologies is superior to that of standard ones
and is approved.

Considerations

In the paper, we conducted a science-based sustainability
assessment of the STD and the GG type solar PV panels
manufactured in Lithuania based on efficiency, energy, and
GHG emissions payback and energy intensity, as well as
cost-effectiveness criteria, which correspond to crucial sus-
tainability disciplines of energy, environment, and economy.
In Table 11, we summarize our research results with ones
provided by global scientists and consider the results below.

We found that over time, the efficiency of solar PV pan-
els improved worldwide due to technological progress. The
early studies of de Wild-Scholten (2013), Gazbour et al.
(2016), and Fthenakis et al. (2017) demonstrated the effi-
ciency of mono-Si solar PV panels to be around 14-15%,
and of the GG type was slightly over 16%. The latest solar
PV panels manufactured in Lithuania have an efficiency of
19.42% (the STD type) and 19.11% (the GG type). There are
efficiency differences between regions. Miiller et al. (2021)
argued that, in Europe, an average efficiency of mono-Si
solar PV panels was 19.8% and 19.4% of the GG type.
Jia et al. (2021) claimed that the efficiency of the mono-
Si solar PV panels in China was 20.15-20.24%, but higher
(20.18-21.13%) of the GG type. This demonstrates that the
efficiency of the Lithuanian manufacturer‘s solar panels
has already reached the EU average but is lower than that
installed in China. Thus, observing the trend of improving
the efficiency of solar PV panels and the efficiency differ-
ences between regions, and wanting to remain the market
leader in the Scandinavian countries and aiming to expand
markets on a global scale, the Lithuanian manufacturer must

maintain the pace of technological progress and accelerate
it in order to remain competitive. For this purpose, its R&D
department should establish long-term continued collabora-
tions with scientific institutions, universities, and research
centers worldwide to research solar PV technologies that
contribute to developing more energy-efficient solar PV pan-
els and better application of solar electricity than nowadays.
Efforts are requested to improve the efficiency, durability,
and resistance of solar PV panels to external factors.

We elaborated that the environmental sustainability of
the GG type PV panel is higher than the STD type; there-
fore, in Lithuania, manufacturers should develop business
activities by prioritizing the most advanced PV panels. In
the country, the estimated GHG emissions of the STD and
the GG type panels are 48.4 and 28.0 gCO,/kWh, respec-
tively. These results are poorer than the results of research
carried out for Europe by de Wild-Scholten (2013), Wetzel
and Borchers (2015), Lamnatou et al. (2016), Fthenakis and
Raugei (2017), and Miiller et al. (2021), but are better than
the outcomes received for China by Hou et al. (2015) and
countries in Africa by Akinyele et al. (2017) and EIDabosy
and Sheta (2020). The efficiency of solar PV panels manu-
factured in Lithuania is as high as the European average,
and the lifetime of STD type is approximately a decade
shorter than that of GG panels (Miiller et al. 2021). Sub-
ject to these assumptions, on average, in Europe, the GHG
emissions per 1 kWh is twice as low as that in Lithuania,
ie., 12.9 gCO,/kWh (GG type) and 29.9 gCO,/kWh (STD
type) (Miiller et al. 2021). In Europe, 75 gCO,/kWh (STD
type) and 31 gCO,/kWh (GG type) are emitted with low
efficiency of 14% and 16.4%, respectively (Gazbour et al.
2016). These differences could occur due to the limitations
of the studies, including those related to the LCA boundaries
analyzed and their details. Instead of comparing our results
with the average data for the EU (Gazbour et al. 2016; Miil-
ler et al. 2021), it is more precise to introduce differences
between regions, as was performed by Wetzel and Borchers
(2015). The significantly higher solar radiation in Southern
European countries results in higher electricity production
volumes and, at the same time, has an impact on the life-
cycle GHG emissions, which are twice as low as those in
Northern European countries (Wetzel and Borchers 2015).
The conditions in Lithuania are more similar to those in

Table 10 Overall sustainability
assessment (compiled by the

author)

Indicator Assessment GG type STD type
Electricity generation volume (G,,,) The higher the better 1 0
Energy payback time (EPBT) The lower the better 1 0
GHG emissions payback time (GPBT) The lower the better 1 0
GHG emissions intensity (GHG measure) The lower the better 1 0
Levelized cost of electricity (LCOE) The lower the better 1 0
Total 5 0
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Table 11 Comparative analysis of results of global scientific literature and this study (compiled by the authors)

Author PV type  Country Solar radiation, Lifetime, years Efficiency, % Energy payback GHG emissions
kWh/m?*/year timeEPBT, years intensity, 8CO,/
kWh
Authors of this STD type Lithuania Lithuania 20 19.42 2.20 48.4
study GG type 850-1050 30 19.11 1.91 28.0
Vilnius 990
Peng et al. (2013) Mono-Si ~ World - n.a n.a 1.7-2.7 29-45
de Wild-Scholten ~ Mono-Si  Europe: South 1700 30 14.8 1.96 38.1
(2013)
Louwen et al. Mono-Si  Europe: South 1700 30 16.1 1.8 38
(2015)
Wetzel et al. Mono-Si  Europe: South, 1700 30 15.8 1.09 22-35
(2015) Northern Germany 1000 n.a 40-60
Lamnatou et al. Mono-Si  Europe: Barcelona 1423 25 15 3.6-5.8 n.a
(2016) Dublin, Exeter 987-991 3.7-7.8
Gazbour et al. Mono-Si  Europe 1496 30 14 2.69 75
(2016) GG 16.4 1.05 31
Chenetal. (2016) Mono-Si  China (Zhejiang)  778-2117 25 15.7 0.42-0.91 5.60-12.07
Hou et al. (2016)  Mono-Si  China 1200-1600 25 17 1.7-2.3 65.2-87.3
Fthenakis et al. Mono-Si  Europe: South 1700 30 14 1.8 29
(2017)
Akinyele et al. Mono-Si  Nigeria 1493-2223 20-30 15.4 0.83-2.83 37.3-72.2
(2017)
Luoetal. (2018a, GG Singapore 1580 30 16.2 1.01 20.9
b)
ElDabosy and Mono-Si  Egypt 1900-2200 25 14 2.15-2.3 58-96
Sheta (2020)
Miiller et al. Mono-Si  Europe average 1391 29.9 19.8 n.a 29.9
(2021) GG 254 19.4 12.9
Jiaet al. (2021) Mono-Si  China 1573 25 20.15-20.24 n.a 26-27
GG 30 20.18-21.13 17-20
Alam et al. (2022) Mono-Si  Canada 913-2117 30 14 n.a 79
Liet al. (2022) Mono-Si  China (Chengdu) 1310 25 n.a 5.4-7.0 n.a
GG 5.0-6.6

Northern European countries (such as Northern Germany)
than in Southern European countries. Therefore, when com-
paring the results under Lithuanian conditions, we compared
them with those for Northern Germany, in which the GHG
emissions of the STD type were 40-60 gCO,/kWh under a
panel efficiency of 15.8%. Considering the differences in
efficiency, the comparative analysis shows that the estimated
GHG emissions in Lithuania are higher than those in North-
ern Germany. Lamnatou et al. (2016) and Gazbour et al.
(2016) did not agree with the EPBTs of solar PV panels.
They varied from one year to almost eight years, with the
highest values in Dublin (7.8 years). Lithuanian case demon-
strates that if PV panel is installed locally, near to the factory
(20 km away from it), its EPBT is better than on average
in Europe. However, it deteriorates, if PV panel needs to
be transported long distances. For example, if PV panels
are transported 150 km away from the factory, the EPBT of
the STD type increases. Our results supplement the results

achieved by Lamnatou et al. (2016), who demonstrated
that low efficiency is related to long EPBT, revealing that,
under high efficiency, the EBPT is significantly reduced.
Additionally, Gazbour et al. (2016) estimate that STD type
panels could pay off longer than the GG type panels. Our
results demonstrate that EPBT of the STD type is six months
longer than that of the GG type. Thus, environmental sus-
tainability of solar PV panels manufactured in Lithuania is
lower than in Europe in terms of EPBT, as well as energy
intensity. Seeking to improve environmental sustainability
of its solar PV panels, the manufacture should address the
issues of improving efficiency of solar PV panels and reduc-
ing life-cycle energy consumption. The study demonstrates
that, life-cycle energy consumption and GHG emissions are
decided by feedstocks and components manufacturing in
China. Thus, supply chain management should be a priority
in the company. It is hardly possible to replace the import of
feedstock and components from China with another source,
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but the manufacture could carry out the selection of suppli-
ers not only based on price, but also sustainability criteria.
In the company, an effective order of sustainable acquisitions
should be implemented. Furthermore, even if the company
itself is only responsible for around 25% of the life-cycle
GHG emission per 1 kW and up to 45% of the life-cycle
energy consumption per 1 kW, it should demonstrate a lead-
ership by carrying out business activities based on use of
sustainable fuels and energy to manufacture PV panels and
their transportation to the site. Indeed, manufacture of solar
PV panels should be executed in high-standard facility and
undergo careful inspection processes for the purpose assure
cost-effective and reliable energy solution.

Finally, economic discipline needs to be discussed for
the STD type and the GG type PV panels manufactured in
Lithuania. Gu et al. (2020) estimated that the LCOE of bifa-
cial PV is 2-6% lower than that of STD type. Our results
confirm this, with an estimated 4% in Lithuania. This proves
the company should develop the most cost-effective business
activity, manufacturing advanced PV technologies. Besides,
further reduction in the LCOE of PV panels is crucial for
making solar power more affordable and competitive in the
Scandinavian market. A lower LCOE will translate to lower
consumer energy costs and increased clean and renewable
energy adoption. Again, efficient PV panels will play a rel-
evant role in reducing the LCOE by generating more elec-
tricity per kWh, reducing O&M costs, and increasing the
overall system performance. Therefore, investments in the
manufacture of efficient PV panels are significant to achieve
cost-effective and sustainable solar energy solutions.

Conclusions

In Lithuania, a limited variety of solar PV panels is manu-
factured. These are the STD and the GG type solar PV pan-
els. Thus far, they are mainly supplied domestically and to
Scandinavian market to increase the share of RES in the
region. Lithuanian solar PV manufacturer strives for the
technological progress: products are competitive at regional
level as they have achieved efficiency similar to average EU,
but needs further significant improvements to be competitive
at global level to satisfy the increasing sustainable energy
needs worldwide. A sustainability assessment of the STD
and GG types of solar PV panels manufactured in Lithuania
is conducted based on the criteria of efficiency, GHG emis-
sions intensity, energy and GHG emissions payback times,
and cost-effectiveness. Based on the results, the following
conclusions are drawn.

e The energy analysis results reveal that, with lower effi-

ciency, longer operation time, less degradation, and bifa-
cial features, the 1 kW GG type panel could produce 67%
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more electricity than the STD type panel during its life
cycle, i.e., 32.75 MWh versus 19.58 MWh, subject to 990
kWh/m? a year solar radiation level. Thus, the GG type
panel is more efficient than the STD type panel during its
life cycle. In order to use the technical potential of solar
PV panels, it is important to responsibly select the site.
If solar PV panels are installed in Lithuania, the Western
(Klaipeda) and Central (Kaunas) part of the country is
more suitable, as solar radiation level here is up to 1060
kWh/m? a year, which allows increasing electricity pro-
duction.

The environmental analysis results show that the GG type
panel is superior in terms of life-cycle GHG emissions
and energy consumption. It is estimated that the 1 kW
GG type panel consumes 2.0 MWh of energy during its
life cycle compared to the 2.1 MWh consumed by the
STD type panel. The GG type panel emits 0.9 tCO,,
but the STD type emits 31 kgCO,., more. Approximately
70-80% of GHG emissions are emitted by produc-
ing feedstock and manufacturing components in China
18-26% of GHG emissions are produced in Lithuania,
where transportation services could emit the largest share
of GHG emissions (15-24%). Seeking to mitigate the
GHG emissions in hotspots, it is necessary to study the
possibilities of components manufacturing in domestic
market, using the scientific, technical, and technological
potential of the country, as well as exploiting its eco-
nomic and geographical advantage. Furthermore, GHG
emissions from transportation of solar PV system to the
site and periodical visits could be reduced by installing
large-scale solar PV systems in geographically close
markets. Small-scale and scattered solar PV systems
will have an impact on the increase in GHG emissions
from transportation and periodical visits. The life-cycle
GHG emissions of the STD type solar PV panel are 48.4
gCO,./kWh, compared with 28.0 gCO,,/kWh for the
GG type. The advantages of the GG type are its shorter
energy and GHG emission payback times, which are
about two years. Thus, advanced solar PV panels should
be prioritized by manufacturer and businesses as they
have better environmental estimates.

The results of the economics analysis demonstrate that
the average energy cost of the GG type is 4% lower than
that of the STD type; therefore, the former is more cost-
effective than the latter. Without financial support, the
average LCOE for the GG type is 0.15 EUR/kWh. Sub-
ject to a 323 EUR/kWp subsidy, the average LCOE is
approximately 0.13 EUR/kWh. Uncertainty in LCOE is
0.01-0.02 EUR/kWh, which is assessed by considering
different discount rates. This demonstrates that subject
to 0.18-0.24 EUR/kWh electricity prices for households,
small-scale solar PV plants are competitive to grid elec-
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tricity. It assures that households can be supplied with
electricity at affordable prices.

e Opverall, the calculations reveal that the sustainability of
the Lithuanian GG type PV panel is higher than the STD
type according to efficiency, payback and, energy inten-
sity, and cost-effectiveness criteria. Considering this, the
manufacturer should focus its business activity on the
most advanced PV panels. Seeking to improve the sus-
tainability of Lithuanian PV panels in a global context,
efficiency, durability, and resistance to external factors
should be improved. The manufacturer should collabo-
rate with scientific institutions, universities, and research
centers to address the issues.

e Qur study is limited to estimation of the most common
indicators in key sustainability disciplines, and further
research could include an extended sustainability assess-
ment according to the diversity of disciplines and an
extended set of indicators, as well as validating sustain-
ability assessment on PV panels in the Scandinavian mar-
ket, which is a crucial market for national manufacturing.
Besides, in absence of company and national level data,
we applied global estimates. This is especially true for
stages of production of feedstock and utilization, which
so far remain the least understood by scientists and require
special interest and collaboration with material scientists.
Furthermore, it is planned mastering the professional LCA
tools to assess whether implemented and planned to be
implemented new technologies and fuels in the Lithuanian
glass industry are sustainable across variety of environ-
mental impact categories. Besides, we have interest in
collaboration with scientists when integrating LCA into
sustainable procurement procedure for solar PV.
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