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Abstract

As sustainable energy technologies continue to attract growing interest worldwide, comprehending their
environmental implications becomes essential. Along with cost optimisation and enhancing efficiencies,
it is equally important to reduce a wide range of environmental impacts, which is crucial for attaining
global sustainability goals. Silicon Heterojunction (SHJ) solar panels are one such example of a growing
sustainable energy technology that are anticipated to take up a considerable share of the global PV
market in the coming years, owing to its high achievable efficiency.

The goal of this study was to conduct a Life Cycle Assessment on a PV system consisting of Silicon
Heterojunction solar cells and modules in order to gain insights for the environmental impacts of such
a PV system based on manufacturing in the Netherlands. The study included the production steps of
SHJ cells and modules, from raw material to final product and use phase until end of life time. Recyling
processes were not included. Inverters and mounting structures were also used to complete the PV
system.

4 impact categories were analyzed in this study for a rooftop PV system with SHJ cells in 2024. The re-
sults for these impact categories were: 22 gCO2-Eq/kWh for Climate Change; 14 g 1.4-DCB-eq/kWh for
Ecotoxicity Freshwater; 17.5 g 1.4-DCB-eq/kWh for Ecotoxicity Marine and 0.0016 m2 crop− eq/kWh
for Land Use. Similarly the results for the future scenarios were also reported: Climate change impacts
will reduce by more than 10 g CO2-Eq/kWh ; Ecotoxicity impacts will reduce by around 0.6 g 1.4-DCB-
eq/kWh and land use by 0.0006m2 crop− eq/kWh over the course of a decade. Then, the contribution
analyses were presented for these categories, representing the components and process steps that
were major contributors to each of these categories. Finally, two sensitivity analyses were conducted,
to see how the environmental impacts change by changing certain parameters.

The results gathered in this study, and upon comparing them with the LCA results from earlier pub-
lished studies showed that the SHJ cell and module manufacturing was more environment friendly
than some of the other technologies, along with certain room for improvement. Improving the manu-
facturing processes and with a change in Dutch electricity mix, in the future scenarios, showed that
the environmental impacts will further reduce, making this PV technology highly acceptable and imple-
mentable.
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1
Introduction

The primary sources of energy that have been used to meet the ever-growing global energy demand
are fossil fuels and natural gas, which are also referred to as non-renewable energy sources. These
sources are finite, and their extraction and use result in significant environmental problems, despite
their capacity to provide large quantities of energy[1]. These issues include, for example, ecological
destruction, global warming, and ecotoxicity. There is increasing agreement on the need for sustainable
and renewable energy technologies, which have shown the potential to be an economical alternative to
traditional energy sources as the adverse effects of the latter become more noticeable. The transition
to renewable energy sources has been identified as a key solution to these issues, with solar energy
being one of the most promising alternatives.

Sustainable energy technologies have emerged as plausible alternatives to address the drawbacks of
non-renewable energy. Renewable energy sources, including solar, wind and geothermal energy, are
abundant in nature and have the potential to reduce adverse environmental impacts [2].The percentage
share of global electricity generation from sustainable energy sources has increased, as illustrated
in Figure 1.1 below [3]. The global proportion of sustainable energy technologies has been steadily
increasing since 2012, suggesting that the relevant authorities have recognized them as one of themost
viable solutions to the environmental challenges facing the world today. Although the rate of growth
might not seem to be as rapid as one might anticipate, these sources are now highly competitive with
non-renewable sources due to technological advancements and economies of scale [4].

Solar energy is particularly important in the transition to a sustainable energy future. It provides a nearly
infinite supply of renewable energy by using photovoltaic cells (PV) to capture the power of the sun.
Technological advancements have significantly improved the efficiency and cost-effectiveness of solar
installations. For example, NREL reports that the efficiency of commercial solar panels has increased
from approximately 15% to more than 22% in recent years [5] and the cost of solar power has fallen,
making it one of the cheapest sources of new electricity generation [6]. On a similar note, the latest
edition of ITRPV also predicts the growth rate of efficiencies of different types of silicon-based solar PV
from 2023 to 2034 as shown in the figure 1.2 below. It can be seen that the stabilized cell efficiency,
which was in the range of 23.5% to 25% in 2023 has been predicted to increase to as high as 31% for
certain tandem-based PV cells in 2034. This prediction has been devised based on a historical year
on year learning rate, starting from around 9 percent in 1980 to about 15% in 2011 and 21.2% over the
next decade [7].

1
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Figure 1.1: Increase in different renewable energy generation by percentage [3]

Figure 1.2: Average cell efficiencies’ prediction [7]
.
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However, there are many process steps involved in harnessing solar energy, starting from raw material
extraction, photovoltaic cell and module manufacturing, transportation involved and more. All of these
steps are not completely devoid of emissions. To continue progress toward a more sustainable future,
it is important to account for all the emissions and environmental impacts that might occur at any stage
of a photovoltaic system’s lifetime. This is why a Life Cycle Assessment(LCA) of the PV technology
is important. An LCA study helps in informing the actual environmental impacts that occur throughout
the lifetime of a product, and helps identify the hotspots and areas for improvement, ensuring that
technological improvement can make these PV technologies more sustainable and environmentally
friendly.

Therefore, the goal of this study is to analyze the Life Cycle of one such particular PV technology,
Silicon Heterojunction (SHJ) solar cells and modules. SHJ technology has been chosen for this study
because of its increasing market interest, driven by the high achievable efficiencies (as can been seen
in figure 1.2) and better performance in low-light conditions [8]. These benefits not only improve the
yield but also make this photovoltaic technology acceptable for a wide range of climatic conditions. As
SHJ modules gain the attention in the PV industry, analyzing their impacts on the environment over the
life time becomes essential to optimize their role in the shift towards sustainable energy.

1.1. Evolution of PV
Since its introduction, the market for PV Technology has undergone substantial growth and transforma-
tion. The first practical photovoltaic cell was invented at Bell Labs in 1954, which marked the beginning
of the development of PV technology [9]. Although, these were related to high cost and limited reach-
able efficiency, the vast potential of PV technology has resulted in constant improvements in materials
and manufacturing processes to improve the cell structure, which in-turn helps achieve a higher level
of efficiency and generate an increasing amount of energy.

In the early 2000s, the cumulative global PV market gained momentum, thanks to the growing environ-
mental consciousness, subsidies, and governmental policies[1]. An exponential growth was seen in
the market. The global market rose from around 100 GW in 2012 to exceeding 945 GW by 2021 [10].
The cumulative PV installations further increased to 1,581 GW by the end of 2023 as reported in the
Photovoltaic Report, ISE [11]. The compound annual growth rate of PV installations has been reported
at almost 26% from 2013 to 2023 [11]. This rapid growth was facilitated by major advancements in solar
cell technologies like, the switch from traditional aluminium back surface field (Al BSF) solar cells to
more advanced technologies such as Passivated Emitter and Rear Cells (PERC), and in recent years
to TOPCon[12]. It can be seen from the figure 1.3 below how the market share has changed over the
years, and the n-type c-Si solar cells are predicted to be dominant in the coming decade. 1

1The sales report in [13] and [14] suggest that the sales of TOPCOn have been increasingly high in 2023 and in the first half
of 2024, taking over the the sales of PERC. This suggests that the market share and anticipated growth rate may be more faster
than the one shown in figure1.3 at industrial level.
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Figure 1.3: Market Share trend for PV technologies over the years, with future projections [15]

The figure 1.4 below shows the increase in PV technologies’ global annual production volume over the
year in gigawatt peak (GWp). It represents the scale of expansion the PV industry has seen across
the globe, and especially in Asia, in recent decades, particularly after 2020. Even for Europe, the total
cumulative PV installations have amounted for almost 20% [11].

Figure 1.4: Global Annual Production of PV[11]

1.2. SHJ-Cell type
Silicon heterojunction (SHJ) solar cells are a recent development in the industrial photovoltaic (PV)
technology that combines the features of thin-film and crystalline silicon technologies. A crystalline
silicon wafer is sandwiched between layers of amorphous silicon in SHJ cells, which reduces recom-
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bination losses and passivates the surface [16]. SHJ cells demonstrate exceptional performance and
have shown the potential to attain high efficiencies as a result of their distinctive structure. When com-
pared to traditional c-Si solar cells, the manufacturing process for SHJ cells is relatively simple and
straightforward. It takes place at a relatively lower temperature (180◦C − 200◦C), which can result in
a reduction in production cost and could even reduce environmental impacts [17]. LONGi held the
world record for the highest recorded efficiency of SHJ cells at 27.09%, making them one of the most
efficient solar cell types available [18] . This cell is Back Contact type, where all the electrical contacts
are placed at the back end of the cell, thereby eliminating the shading losses of the front metal grid and
thus enhancing the light absorption and overall cell efficiency. In tandem solar cell applications, SHJ
cells act as effective bottom cells. They work alongside top cells with higher bandgaps to capture a
broader range of the solar spectrum, thus enhancing the overall conversion efficiency[19].

The high levels of efficiency that can be reached and the progress made in technology have shown
that SHJ cells can be widely used [20]. All these factors have helped SHJ technology gain significant
attraction in the PV market [12]. These cells are an attractive option for future large-scale PV systems
and an essential focus for current and future studies in solar energy due to their high efficiency and ease
of manufacturing (especially because of the low temperature operation). The increasing interest from
industries and relevant authorities is evident from the increasing market share of SHJ. This technology
is already expected to acquire around 10% of the global market share by the end of 2024 and the
projections show further growth in the coming decade, as illustrated in figure 1.5 [21].

However, there are still aspects that need to be analysed before this PV technology can be deemed
truly environmentally friendly. For instance, the production of SHJ solar cells, as for any other c-Si
PV technology, may not be entirely free of adverse environmental effects. Raw material extraction,
manufacturing processes, and end-of-life disposal are critical stages in the lifecycle of these products
that can contribute to greenhouse gas emissions, resource depletion, and other environmental burdens
that are not considered when only the use phase is studied. Moving from the concept of renewable
to sustainable solar PV requires more than just capturing the sun’s limitless energy; it demands that
all phases of solar panel manufacturing, installation, and disposal are conducted in an environmentally
friendly, cost-effective, and socially fair manner. This holistic approach guarantees that solar energy
will continue to be a genuinely sustainable resource for generations to come.

Therefore, this study aims to conduct a comprehensive Life Cycle Assessment (LCA) of a PV system
consisting of SHJ modules. It is essential to identify the critical areas that are having a negative impact
on the environment and to formulate strategies to reduce or eliminate these impacts. By doing so, it
can be assured that SHJ technology is not only cost-effective and efficient, but also in accordance with
global sustainability targets, such as those stated in the Paris Climate Agreement, which aims to keep
the global temperature rise well below 2°C [22].
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Figure 1.5: Market Share Trends of Different PV Cell Technologies (2023-2034) [21]

1.3. Life Cycle Assessment
A Life Cycle Assessment (LCA) is an effective method for evaluating the environmental impact of prod-
ucts such as PV panels. LCA is a comprehensive approach that involves the quantification of material
and energy flows, thereby assessing the full environmental impact of a product over every stage of
its life, from the extraction of raw materials to disposal. The entire lifecycle of a product can have an
impact on the environment in a variety of ways, including resource depletion, human health, and ecosys-
tem degradation [23]. LCA offers a comprehensive framework for evaluating these impacts, thereby
facilitating the development of environmentally sound products and processes.

LCA can be implemented for a variety of purposes, including the development of new products with re-
duced environmental impacts and the optimisation of existing products by reducing material and energy
consumption during production or by selecting sustainably sourced materials. The insights obtained
from LCA can be used to identify the parts of the process that have the greatest environmental impacts,
thus directing decision-making to create more sustainable products and assisting in the achievement
of carbon footprint reduction objectives.

Furthermore, LCA results can be employed for marketing purposes, demonstrating a product’s reduced
environmental impact in order to attract investors. It also functions as a comparative instrument to
identify products with the least environmental impact, thereby facilitating decision-making processes in
both government and industry [24].

The importance of conducting Life Cycle Assessments (LCA) for renewable technologies has become
increasingly evident in recent decades and has grown significantly in recent years. This is primarily due
to the recognition that the adoption of more sustainable technologies and the optimisation of energy
production processes are both necessary for the purpose of meeting established emission standards.
For instance, while solar energy is considered a highly sustainable solution, the production and trans-
portation of solar panels can have substantial environmental impacts. If these panels are manufactured
in one part of the world and transported using non-renewable fuel sources, the overall emissions may
not be minimised, highlighting the need for a holistic approach to sustainability. LCA offers a thor-
ough examination of the entire life cycle of a product, including the extraction of materials, production
processes, use phase, and end-of-life administration. This comprehensive evaluation assists in the
identification of areas that require enhancement, thereby guaranteeing that renewable technologies
are as sustainable as possible throughout their entire life cycle.



1.4. Report Structure 7

Reliability, consistency and comparability are important factors for any LCA studies. For this, the In-
ternational Organisation for Standardisation (ISO) has developed standards to ensure a structured
methodology to be followed to carry out LCAs. The two most important standards are ISO 14040 and
ISO 14044. ISO 14040 describes the principles and framework to be followed for an LCA. The four
stages, that is, the objective and scope, the life cycle inventory, the life cycle impact assessment, and
the interpretation, are defined under this standard. The requirements and guidelines for LCA are spec-
ified in ISO 14044. This includes the preparation, conduct, and critical review of the LCA study. These
standards are implemented to ensure that the LCA is comprehensive, transparent, and scientifically
robust [25].

1.4. Report Structure
This report consists of 6 chapters. chapter 2 defines problem statement for this study. It consists of the
research questions along with the objectives that will be answered and explored along the study.

chapter 3 is about the literature review that was conducted in order to successfully complete this study.
It begins with an overview of the SHJ solar cells, followed by the concepts and phases of LCA. It also
presents discussions about different LCA softwares available to conduct the analysis and the detailed
conceptual understanding for prospective LCA, which means the LCA for future scenarios. Finally, a
section on LCA results from previous studies are presented, which shows the emission values of dif-
ferent relevant studies that have been conducted in the past, which sets a good base for comparison
of results of this study, to conclude the literature review.

chapter 4 is about the methodology followed in the study for the LCA of SHJ solar cells based PV sys-
tem, starting with defining the goal and scope of this study. Then the Life Cycle Inventory is discussed,
where all the process steps are defined and articulated along with the details for the amount of each
and every step that consumes energy in one way or the other. For the inventory, the focus has been
kept on the cell manufacturing process and not on the module and BoS manufacturing. Once the cre-
ated inventory has been discussed, the next section focuses on the implementation of the collected
datasets to the LCA software to get the results.

chapter 5 is about the results and discussions, where the impact assessment is carried out. It repre-
sents the results for some of the most important imapct categories, and discussions are presented for
the important observations that may have been the reasons for the results. A sensitivity analysis is
also conducted, where certain parameters are altered by the support of reasonable arguments, and
the results are compared to the original results.

Finally in chapter 6, a conclusion is presented relative to the overall study conducted and the results
obtained. The final section is for future work, where the possibilities of improvements and developments
that can be adopted in the future work related to this study are shown.



2
Goal and Scope

2.1. Problem Statement
The photovoltaic (PV) technology has been significantly advanced by Silicon Heterojunction (SHJ) solar
cells, which combines the properties of crystalline silicon with the superior passivation properties of thin-
film technologies. This combination results in high-efficiency solar cells. In addition to high achievable
efficiencies, this photovoltaic technology also has shown the potential of reduced costs [26]. Another
PV technology that exhibit similar benefits is the TOPCon [27]. Owing to such benefits, it is imperative
that concerned authorities want to switch from the current dominant PV technologies, like PERC to
these upcoming technologies at largest scale possible.

However, the production and implementation of SHJ solar cells may have significant environmental im-
plications, despite their potential for a reduced environmental impact during operation. The extraction
of raw materials and energy utilizing manufacturing processes may contribute to the depletion of re-
sources and the emission of greenhouse gases. In order to overcome these concerns, it is imperative
to conduct an extensive Life Cycle Assessment (LCA) to assess the overall environmental performance
of PV system consisting of SHJ solar cells and modules.

Therefore, the goal of this study is to conduct an LCA of a PV system consisting of SHJ solar cells and
modules produced in the Netherlands, assessing both current production processes and prospective
scenarios for the year 2035. The scope of this study is defined by:-

• Geographical Focus: The production processes assessed in this study are based in the Nether-
lands. This means that the Dutch electricity mix will be incorporated in the production process.
It is also understandable that not all the prerequisite material and components can always be
produced in the Netherlands and therefore for such cases, the specific components are assumed
to have been produced at a different part of the world, and then transportation to the Nether-
lands have been considered. The installation and usage of the PV system is also based in the
Netherlands.

• Time Frame: The study encompasses a comparative analysis of the current LCA, which is the
2024 scenario, and prospective LCAs (pLCA) for the year 2035.

• Technological Coverage: The analysis includes the environmental impacts of the complete PV
system, including cells, modules, and the Balance of System (inverters and mounting structure),
but the emphasis remains on the SHJ cell production.

• Environmental Assessment: By employing life cycle assessment techniques, this research
investigates the environmental impacts across multiple categories, including global warming po-
tential and eco-toxicity.

• Scenario Analysis: Different Integrated Assessment Models (IAM) and Shared Socioeconomic
Pathways (SSP) are used to project and analyze future environmental impacts.

8
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2.2. Research Question and Objectives
The most important research questions that will be addressed by this study are:

1. Which impact categoriesmake themost significant contribution to the overall environmen-
tal impact assessment?
This question aims to identify which environmental impact categories (e.g., global warming poten-
tial, eco-toxicity) are most significantly affected by the production and lifecycle of SHJ PV system.

2. Which activities in the cell and module manufacturing process have the highest contribu-
tion in different impact categories? This question seeks to pinpoint specific stages or compo-
nents within the manufacturing process that contribute the most to various environmental impacts.

3. In what ways do the various IAM and SSP scenarios differ in terms of their environmental
impacts for the year 2035? This question evaluates how future scenarios, modeled through dif-
ferent IAMs and SSPs, affect the environmental impacts of SHJ solar cells, providing information
on potential future developments and challenges.

4. How does changing certain parameters affect the overall impact assessment, for both cur-
rent and future LCA scenarios? This question concerns the sensitivity analysis of the LCA
results to variations in crucial parameters (such as material consumption) in order to compre-
hend how different assumptions affect the environmental impact assessment. This also entails
the reasons for the inaccuracy or unavailability of the data for analysis.

Data Collection:-
For the collection of datasets (although a crucial step for an LCA) the most recent industrial data is
difficult to collect. This is because of the industrial norms,and policies pertaining to the confidentiality
of the data. Therefore in this work, the datasets have been accumulated from the limited available
open source data and from those available from the research organizations such as IEA and ITRPV. In
this way, it has been ensured that the data being used is validated from recognized organizations and
research institutes.

2.3. Implication of the Study
The findings from this study will help in identifying critical areas that significantly impact the environment
and possibilities to reduce or eliminate these impacts. It will also answer the question if the SHJ based
PV system, in the current state, is environmentally friendly or not. By understanding the full life cycle
environmental impacts of SHJ solar cells and modules, this research will contribute to the development
of more sustainable production processes to assist the large scale sustainable implementation of this
PV technology.



3
Literature Review

Before conducting the Life Cycle Assessment (LCA) for a PV system consisting of Silicon Heterojunc-
tion (SHJ) cells and modules, it is essential to thoroughly research the existing knowledge regarding the
manufacturing processes, market availability, and the methodology for performing an effective LCA.

For SHJ, various manufacturing techniques exist, such as the addition of new layers to improve cell
efficiency. Additionally, the feasibility of large-scale production needs to be explored. This chapter will
discuss some of the details about SHJ cells and its structure. This background will help in selecting a
specific cell structure for this study in the subsequent chapter.

Following this, a discussion on LCA will be presented, starting with a clear definition and outlining the
steps involved. Finally, different possible scenarios, including Integrated Assessment Models (IAM)
and Shared Socioeconomic Pathways (SSPs), will be discussed. This will facilitate the prospective
LCA (pLCA) and aid in selecting future scenarios for the analysis.

3.1. Silicon Heterojunction PV Technology
3.1.1. SHJ solar cells
Silicon heterojunction solar cells belong to the c-Si family of photovoltaic technologies. The SHJ cells
are a significant advancement in the PV industry, as they combine the high efficiency of crystalline
silicon cells with the exceptional passivation properties of thin-film technologies. The absorber layer
of SHJ cells is a crystalline silicon wafer that is sandwiched between thin layers of amorphous sili-
con. This is the fundamental structure of the cell. This distinctive configuration significantly decreases
recombination losses at the surface, thereby improving the overall efficiency of the cell [28].

In comparison to photovoltaic cells like Al BSF and PERC, which also use thin-film layers for passivation,
the SHJ solar cells possess benefits, such as a lower temperature coefficient, improved performance
in low-light conditions, contact passivation, and increased efficiency [29]. These advantages render
SHJ cells more appropriate for a diverse array of environmental conditions. SHJ cells are expected
to acquire a substantial market share in the years ahead, as indicated by the International Technology
Roadmap for Photovoltaic (ITRPV) data (figure 3.1)[21]. SHJ cells occupied approximately 5% of the
market in 2023 and is expected to acquire about 20% of the market by 2034, which is indicative of their
increasing significance and widespread adoption in the PV industry [21]. The development of SHJ cells
commenced in the 1990s and has since undergone substantial evolution, with ongoing enhancements
resulting in increased cost-effectiveness and efficiency. In the solar industry, SHJ cells are currently
acknowledged for their capacity to outperform the other silicon-based technologies, making them a
promising candidate for widespread adoption [30].

There has been an annual improvement in SHJ cell efficiency, which has increased by about 0.5-0.
6%. Additionally, the intrinsic characteristics of SHJ cells make them ideal for serving as the bottom
cell in tandem solar cell setups [31], bolstering their attractiveness. While current findings indicate that
TOPCon cells may also be viable for tandem uses, the distinct benefits of SHJ cells, including their

10
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superior performance compared to other silicon-based technologies, make them a strong contender
for future photovoltaic systems.

Figure 3.1: Market Share Trends of Different PV Cell Technologies (2023-2034) [21]

3.1.2. Evolution of SHJ
In the early 1990s, pioneering research initiated the development of Silicon Heterojunction (SHJ) tech-
nology. Initially, SHJ cells achieved high efficiencies by employing a straightforward structure that
included a crystalline silicon wafer and thin amorphous silicon layers. Sanyo (now Panasonic)’s foun-
dational work in the late 1990s and early 2000s was a significant milestone, as their HIT (Heterojunc-
tion with Intrinsic Thin layer) technology achieved efficiencies exceeding 20% [28]. This innovation
illustrated the capacity of SHJ cells to surpass conventional silicon-based technologies.

The efficiency and performance of SHJ cells have been further optimised by researchers over the past
few decades by focusing on a variety of aspects. The introduction of intrinsic hydrogenated amor-
phous silicon layers for improved passivation and the use of transparent conductive oxides (TCOs) to
enhance electrical conductivity have been critical innovations. Continuous research is being conducted
to achieve even higher efficiency levels, as these advancements have allowed SHJ cells to achieve
efficiencies exceeding 26% [32]. Advanced materials and designs are integrated into the cutting-edge
SHJ technology to optimise reliability and efficiency. For example, the utilisation of tandem cells and
multi-junction configurations, in which SHJ cells are coupled with other high-efficiency cells such as
perovskites, has demonstrated the potential to achieve even higher efficiency rates [33]. Furthermore,
there is ongoing research to create innovative passivation techniques and materials, including silicon
carbide (SiCx) and silicon oxide (SiOx), which improve the overall performance of cells and further re-
duce surface recombination losses[32]. However, most of these structural advances are still naive and
are not yet being used on an industry scale. Figure 3.2 below shows the one of the basic structures of
an SHJ cell, and this is most widely used structure in today’s market.
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Figure 3.2: Silicon Heterojunction cell structure [34]

3.1.3. Cell Structure
The design of Silicon Heterojunction (SHJ) solar cells is distinctive, as it integrates amorphous silicon
layers with crystalline silicon to attain exceptional performance and efficiency. Following is a compre-
hensive analysis of the structure of SHJ solar cells [35]:

1. Crystalline Silicon Wafer: This superior n-type crystalline silicon wafer acts as the main light-
absorbing layer and serves as the core of the SHJ cell. In SHJ cells, n-type wafers are employed,
which exhibit greater resistance to light-induced degradation and feature extended carrier life-
times [36]. Consequently, this results in better performance and increased longevity for solar
cells, while also allowing SHJ cell manufacturing at relatively lower temperatures.

2. Intrinsic Amorphous Silicon Layers: The undoped (intrinsic) hydrogenated layers of amor-
phous silicon functions as buffer, thereby improving surface passivation and decreasing carrier
recombination. This is applied to both the sides of the n-type wafer.

3. Doped Amorphous Silicon Layers: Doped amorphous silicon layers are applied to both the
sides. One side is doped with phosphorus, and the other with boron. These layers offer excep-
tional surface passivation and also act as electron- and hole-transfer layers thereby substantially
mitigating the recombination losses at the interface between the amorphous and crystalline sili-
con.

4. Transparent Conductive Oxide (TCO) Layers: These layers are typically composed of mate-
rials such as Zinc Oxide (ZnO) or Indium Tin Oxide (ITO), which facilitate the transmission of
electricity while permitting the passage of light. This layer is essential for the collection and trans-
portation of charge carriers that are produced by the cell to the metal contacts and is applied on
both the sides of the wafer.

5. Metallization contacts: These layers are typically composed of metals, such as silver, and
serves as a pathway for the collected charge carriers to exit the cell. The electrical circuit of
the cell is completed by these layer.

3.2. Life Cycle Assessment
A products life cycle is defined by the following 5 stages as depicted in figure 3.3 [37]:

1. Raw Material Extraction
2. Manufacturing & Processing
3. Transportation
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4. Usage & Retail
5. Waste Disposal

Figure 3.3: Life stages of a product [37]

A Life Cycle Assessment can be conducted incorporating some or all of these life cycle stages, ac-
cording to the need of the analysis. Figure 3.4 shows the most common life cycle models that can be
formulated using these stages:-

1. Cradle-to-grave: Assessing a product’s effects over all five stages of its lifecycle is known as
cradle-to-grave. This approach starts with obtaining raw materials (the cradle) and concludes
with the disposal of the product (the grave).

2. Cradle-to-gate: A cradle-to-gate assessment evaluates a product only until it leaves the factory
and is prepared for shipment to the consumer, thus leaving out the usage and disposal phases.
This form of analysis can significantly streamline an LCA, providing faster insights, especially into
internal processes.

3. Cradle-to-cradle: Cradle-to-cradle is often referenced within the Circular Economy framework. It
transforms the cradle-to-gravemethod by substituting the disposal phase with a recycling process,
enabling materials to be reused in new products, thereby ”closing the loop.” Consequently, it is
also referred to as closed-loop recycling [38].
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Figure 3.4: Types of LCA [38]

The ISO14040 and ISO14044 standards serve as the guidelines for conducting a Life Cycle Analysis
(LCA). According to these standards, an LCA includes four main phases, as illustrated in figure 3.5: the
goal and scope definition phase, the life cycle inventory (LCI) phase, the life cycle impact assessment
(LCIA) phase, and the interpretation phase[38].

3.2.1. Phase 1: Goal and Scope

Goal and Scope Definition:
In the first phase of an LCA, the goal and scope of the study are established. This stage involves
defining the study’s aim, the audience it targets, and the planned objective of the results. The goal sets
the purpose of the LCA and what it seeks to achieve. Reasons for undertaking an LCA could include
comparing the environmental impacts of different products, identifying significant production processes
to improve a product, or informing policy-making. The target audience might be government entities,
NGOs, or industry participants[39].

The scope outlines the product system subject to examination, covering its functions, functional unit,
and system boundaries, as illustrated in Figure 3.6. The functional unit is a crucial component as it acts
as a benchmark for comparing inputs and outputs. It allows for performance quantification and ensures
that comparisons with other LCA studies are valid. The system boundary specifies the processes
included in the study, ensuring transparency of assumptions and the extent of analysis. For example,
an LCA could be a cradle-to-grave assessment, which includes the entire lifecycle of the product from
raw material extraction to disposal, or a cradle-to-gate assessment, which covers processes up to the
factory gate, excluding use and end-of-life stages.

When outlining the scope of the study, it is essential to define its geographic and temporal limits, as
these factors can significantly influence the outcomes. The level of detail depends on both data avail-
ability and the study’s objectives. The life cycle starts with the procurement and processing of materials
for production, moves through the product’s usage phase, and ends with its disassembly and disposal
[37].
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Figure 3.5: Phases of LCA [38]

Figure 3.6: Defining Goal and Scope of an LCA [38]

3.2.2. Phase 2: Life Cycle Inventory
The second stage of an LCA is the life cycle inventory (LCI) analysis. In this stage, a comprehensive
list of key inputs and outputs for the product system is created throughout its life cycle. Inputs include
all energy-consuming processes such as raw material extraction and other resources, whereas outputs
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encompass waste products and emissions to air, water, and soil. Every unit process within the system’s
boundary is assessed through inventory analysis.

The LCI phase involves extensive data handling and requires the collection and verification of informa-
tion. Data sources include production facilities, academic publications, databases such as ecoinvent,
and estimations. Assessing the validity and quality of this data is essential, considering its techno-
logical and geographical relevance. The data collection process is usually repetitive, with evolving
requirements as more details about the system are discovered.

A distinction is made between foreground and background processes. Foreground processes are di-
rectly involved in the production of the product and occur within the system boundary. On the other
hand, background processes, although they might lie outside the system boundary, supply inputs to
the foreground processes. These include the production of energy and basic materials [40].

3.2.3. Phase 3: Impact Assessment
The third phase in the life cycle impact assessment (LCIA) evaluates the potential environmental im-
pacts of the inventory data. The LCIA phase comprises several stages:

1. Selecting Impact Categories: The selection of relevant impact categories is guided by the
study’s goals and scope. Common categories include resource depletion, acidification, eutrophi-
cation, and global warming potential.

2. Classification: Inventory data are classified based on the chosen impact categories; for example,
carbon dioxide emissions fall under global warming potential.

3. Characterization: This stage quantifies the impact contributions of various emissions to each
category, such as determining the global warming potential of methane in terms of carbon dioxide
equivalents.

The LCIA methodology chosen should align with the study’s goals and scope. Various methodologies,
such as CML, TRACI, or ReCiPe, offer different impact categories and characterization factors [41].

3.2.4. Phase 4: Interpretation
During the final phase of an LCA, known as the interpretation phase, the results of the LCI and LCIA are
analyzed to draw conclusions and offer recommendations. This interpretation must align with the ob-
jectives and boundaries established in the study, and it should also take into account any assumptions
made during the LCI phase as well as any limitations discovered throughout the analysis.

The main steps in the interpretation phase include:

• Recognizing Key Issues: Identify and prioritize the life cycle stages and processes that have
the most significant impact on the environment.

• Evaluating Results: Examine the consistency, sensitivity, and comprehensiveness of the results.
This step may involve conducting uncertainty and sensitivity analyses to validate the findings.

• Drawing Conclusions and Making Recommendations: Formulate conclusions on the prod-
uct’s environmental performance and suggest improvements or alternative strategies based on
the assessment outcomes to reduce its environmental impact.

The interpretation stage ensures that the LCA provides decision-makers with straightforward and ac-
tionable insights, thereby guiding efforts towards more sustainable practices. [42].
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3.3. LCA Softwares
The complex and comprehensive nature of LCA studies necessitates the use of sophisticated software
tools that assist in the collection, analysis, and interpretation of data. Various LCA software tools are
widely used in both industry and academia, each providing distinct advantages and features. Here are
some of the most commonly used software:

1. SimaPro
SimaPro is a widely recognized and frequently used tool for conducting LCA. It offers a user-
friendly interface and a comprehensive range of features, making it ideal for detailed LCA studies.
SimaPro supports multiple impact assessment methods, including ReCiPe, Eco-indicator 99, and
TRACI, and integrates with extensive databases like Ecoinvent and USLCI [43].

2. GaBi
GaBi software is a leading LCA tool used in sustainability and lifecycle engineering for products.
It offers extensive modeling features and is supported by rich databases covering various sec-
tors and industries. GaBi allows users to create detailed models and carry out comprehensive
analyses of environmental impacts [44].

3. OpenLCA
OpenLCA is a cost-free LCA software equipped with robust modeling and analysis capabilities.
It connects with multiple databases, including ecoinvent, offering users a flexible and adaptable
platform for conducting LCAs. OpenLCA is a preferred choice among researchers and practition-
ers who support open-source solutions [45].

4. Umberto
Umberto is a versatile tool for life cycle assessment (LCA) and material flow analysis (MFA), allow-
ing users to create, assess, and optimize production systems. It integrates LCA with economic
and process data, providing a comprehensive solution to assess sustainability and enhance re-
source efficiency [46].

5. Brightway 2.0
Brightway2 is a powerful, open-source LCA tool designed for advanced users seeking flexibility
and customization. Written in Python, it facilitates the development of complex LCA models, inte-
gration with a range of tools, and comprehensive data analysis. The graphical interface provided
by Activity Browser improves result interpretation [47].

The table 3.1 shows an overview of the comparison of different LCA softwares:

Feature SimaPro GaBi OpenLCA Brightway2
User Interface User-friendly User-friendly Moderate Advanced
Database Inte-
gration

Ecoinvent, USLCI Ecoinvent, GaBi
DB

Ecoinvent, ELCD Ecoinvent, cus-
tom

Impact Assess-
ment Methods

ReCiPe, Eco-
indicator 99,
TRACI

ReCiPe, CML,
TRACI

ReCiPe, CML ReCiPe, TRACI

Customization Limited Moderate High Very High
Cost Commercial Commercial Free/Open-

source
Free/Open-
source

Table 3.1: Comparison of LCA Software[43][44][45][46][47]

3.4. Prospective LCA
3.4.1. Overview
To improve the quantification and comparison of LCA results, it is essential and advantageous to model
future scenarios. These scenarios entail performing an LCA for a product over an upcoming period,
such as a decade or 15 years or even beyond 20 years, by adjusting key parameters derived from signif-
icant estimations based on past data and expected future developments. This process also considers
possible variations due to the adoption of different policies over time.



3.4. Prospective LCA 18

To achieve this, a prospective life cycle assessment (pLCA) is conducted. Prospective Life Cycle As-
sessment represents an innovative approach in LCA, aimed at assessing the potential future environ-
mental impacts of products, technologies, or systems. Unlike traditional LCA, which focuses on cur-
rent or historical data, pLCA incorporates future scenarios to predict and analyze environmental effects
over an extended timeframe. This method facilitates more informed decision-making by anticipating
changes in technology, market conditions, and regulatory landscapes. Including future scenarios in
LCA is crucial for achieving long-term sustainability goals and making well-informed choices regarding
new technologies [48].

pLCA commonly utilizes two types of cases: foreground and background system changes. Foreground
system pertain to the particular technology or product under analysis and encompass anticipated ad-
vancements in technology, manufacturing techniques, and operational changes. In contrast, back-
ground system involve awider spectrum of economic, social, and environmental elements that influence
the context in which the product or technology operates. These aid in comprehending the interactions
within the product system and external influences, thus providing a comprehensive outlook on possible
future impacts.

3.4.2. Integrated Assessment Models
There are several instruments that can be used to simulate future scenarios. One such tool is Integrated
Assessment Models (IAMs). The IAMs are used to study the link and interaction between human,
technology and the eco-system. It is a tool that incorporates data from various sectors like energy, land
use, economy, etc., and provides an in-depth understanding of the plausible effects of socio-economic
and environmental progressions. This helps to evaluate the effectiveness of different policies and
strategies, like the Paris Climate Agreement, that have been put in place to face the global challenges
like climate change and sustainable development [49].

Integrated Assessment Models (IAMs) can be utilised across several sizes, including local, regional,
and global levels. They employ a wide range of methodologies to simulate future developments. Each
of these varied spectrums is classified as a distinct scenario, encompassing assumptions regarding
technological advancement, economic fluctuations, and policy implementations. Through the compari-
son of various scenarios, Integrated Assessment Models (IAMs) assist in the identification of strategies
to achieve long-term sustainability objectives and effectively address environmental concerns [49].

The models often include a range of modules that represent key components of the system being
studied. For example, they may include detailed representations of energy systems, land use patterns,
economic activities, and climate processes. By integrating these modules, IAMs can provide insights
into the trade-offs and synergies between different policy objectives, such as reducing greenhouse gas
emissions, promoting economic growth, and preserving natural ecosystems.

IAMs are widely used in international assessments and policy-making processes, including those con-
ducted by the Intergovernmental Panel on Climate Change (IPCC) and various national governments.
They play a crucial role in informing decisions about climate mitigation and adaptation strategies, as
well as broader sustainability initiatives [49].

1. IMAGE: Integrated Model to Assess the Global Environment): IMAGE is a comprehensive
IAM designed to assess the complex interactions between human and natural systems, focusing
on long-term environmental and sustainability issues. The model integrates various subsystems,
including climate, energy, land use, and water, to provide a holistic view of the environmental
impacts of different policies and development pathways. IMAGE operates on a global scale with
regional detail, allowing for detailed analysis of regional and global environmental changes. The
model incorporates data on demographics, economic development, technological advancements,
and policy measures to simulate future scenarios. These scenarios help in understanding the po-
tential outcomes of different strategies for achieving sustainability goals, such as reducing green-
house gas emissions, preserving biodiversity, and managing natural resources. IMAGE is widely
used in environmental research and policy-making to explore the implications of various socio-
economic and environmental changes on global sustainability [50].

2. REMIND (Regional Model of Investments and Development): REMIND is an IAM that com-
bines macroeconomic growth, energy system dynamics, and climate change to evaluate long-
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term energy strategies and their environmental impacts. The model integrates detailed represen-
tations of the global economy, energy markets, and climate system to provide insights into the
trade-offs and synergies between economic development and climate mitigation. REMIND oper-
ates on a global scale with detailed regional resolution, allowing for the analysis of region-specific
policies and their global implications. The model considers various factors, such as technological
progress, resource availability, policy interventions, and behavioral changes, to simulate future
energy pathways and their environmental impacts. REMIND is particularly useful for assessing
the costs and benefits of different climate policies, such as carbon pricing, renewable energy de-
ployment, and energy efficiency measures. By exploring a range of scenarios, REMIND helps pol-
icymakers identify robust strategies for achieving climate goals while ensuring economic growth
and energy security [51].

3.4.3. Shared Socioeconomic Pathways
Shared Socioeconomic Pathways (SSPs) Shared Socioeconomic Pathways (SSPs) are scenarios used
in climate research to explore different trajectories of societal development and their impacts on climate
change mitigation and adaptation. Developed by the climate research community, SSPs provide a
framework to analyze how global socioeconomic trends might influence greenhouse gas emissions
and the capacity to address climate change. There are five distinct SSP narratives (figure 3.7), each
describing a different pathway of societal development:

1. SSP1: Sustainability (Taking the Green Road):
SSP1 envisions a world that progresses towards sustainability, with an emphasis on inclusive
development and environmental protection. Economic growth is balanced with social equity and
environmental goals, leading to a reduction in resource use and emissions. This pathway as-
sumes strong international cooperation and significant investments in green technologies and
infrastructure [52].

2. SSP2: Middle of the Road:
SSP2 represents a continuation of current trends, with moderate economic growth, technological
development, and social progress. Inequalities and environmental challenges persist, but they
do not worsen significantly. This pathway assumes that incremental policy changes and tech-
nological improvements are implemented to address climate issues without major societal shifts
[53].

3. SSP3: Regional Rivalry (A Rocky Road)
SSP3 depicts a fragmented world characterized by regional conflicts, nationalism, and limited
international cooperation. Economic development is uneven, and there is a focus on energy
security and self-sufficiency, often at the expense of environmental protection. This pathway
results in high emissions and limited capacity to address climate change due to regional disparities
and lack of global collaboration [53].

4. SSP4: Inequality (A Road Divided)
SSP4 describes a world with high levels of inequality, where a wealthy global elite drives tech-
nological advancements and economic growth, while large segments of the population are left
behind. Environmental policies and investments are fragmented, leading to uneven progress in
mitigating climate change. This pathway assumes significant disparities in access to resources
and technologies, with substantial environmental and social consequences [53].

5. SSP5: Fossil-fueled Development (Taking the Highway)
SSP5 envisions a world with rapid economic growth driven by the exploitation of fossil fuels.
Technological advancements and high energy demand lead to significant increases in greenhouse
gas emissions. This pathway assumes that climate change impacts are addressed primarily
through technological solutions rather than reducing fossil fuel use. The focus is on maximizing
economic output, with less emphasis on environmental sustainability [53].

Each SSP provides a distinct narrative that helps researchers and policymakers understand the poten-
tial impacts of different socioeconomic trajectories on climate change and the effectiveness of mitigation
and adaptation strategies.



3.4. Prospective LCA 20

Figure 3.7: Different SSP scenarios [53]

3.4.4. Premise
Premise stands for ”PRospective EnvironMental Impact asSEment”. It is an open source python library
which incorporates the ecoinvent database and Wurst library in order to make different transformations
to the LCI database, as seen in figure 3.8 below. This helps in the implementation of prospective Life
Cycle Assessments (pLCAs) that accurately represent anticipated technical and regulatory modifica-
tions in crucial industries such as electricity generation, manufacturing industries, and transportation
[54].

The ”Premise” platform is compatible with many IAMs and produces prospective Life Cycle Inventory
(pLCI) datasets that are in line with different socio-economic scenarios and climate objectives. This
helps in the adaptability of databases and their ability to be exported to various LCA applications,
thereby assisting the production of results compatible with LCA platforms. It is especially helpful for
analysing industries that require a significant amount of materials and energy and are expected to
undergo rapid developments as a result of stringent environmental regulations.
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Figure 3.8: Workflow of premise [54]

3.5. Previous LCA studies
Over the past decades, numerous Life Cycle Assessments have been conducted for various photo-
voltaic technologies worldwide. For a thorough comparison for this Life Cycle Assessment (LCA) on
Silicon Heterojunction (SHJ) PV technologies, table 3.2 shows the results for some up-to-date findings
on the Global Warming Potential (GWP) from LCA studies on different PV technologies.

Technology Emissions Recorded (GWP)
g CO2-eq/kWh Module Efficiency Year Source

CdTe 26.5 18% 2019 IEA PVPS Task 12 [55]
CIS/CIGS 36.3 16% 2010 IEA PVPS Task 12 [55]
multi-Si, BSF 42.3 18% 2019 IEA PVPS Task 12 [55]
mono-Si BSF 42.5 19.5% 2019 IEA PVPS Task 12 [55]
PERC 25.7 21.16% 2024 IEA PERC [56]
PERC 12.5 (Without BoS) 21.75% 2023 S.I. Kommers [57]
SHJ 34.9 21.5% 2022 A. Barrou (CSEM) [58]
SHJ 35 18.4% 2014 A. Louwen [59]
SHJ 40.6(Without BoS) 22% 2014 M. Roffeis [60]

Table 3.2: GWP potential of different LCA studies

The table above represents the LCA results for one of the impact categories, climate change, in terms
of g CO2-Eq/kWh. The greenhouse gas emissions recorded for mono-Si, BSF in the [55] are for the
data from the year 2019, with a module efficiency of 19.5%. For the CIS/CIGS panels, it is 17% and
the data are for the year 2010, for multicrystalline silicon BSF it is 18% for 2019 and for CdTe it is 18%
for 2019. All the emissions reported by IEA PVPS task 12 include the modules and balance of system,
that is, the inverters and mounting structures, and are for the rooftop installations.

Similarly, the most recent report published by the IEA on PERC LCA in 2024 [56] reported GWP at
25.7g CO2-Eq/kWh, which also includes the modules and the balance of the system.

As for SHJ-based PV systems, the work done by A. Barrou at CSEM [58] reported the emissions to
be 35 g CO2-Eq/kWh in 2022 for the module efficiency of 21.5% and A. Louwen [59] reported that
the emissions were 35 g CO2-Eq/kWh at a cell efficiency of 18.4%. Finally the study by M. Roffeis
at HZB[60], used a SHJ module efficiency of 22% and the GWP potential reported was 40.6 g CO2-
Eq/kWh, in a system not include the BoS.
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All of these values above establish the basis for this study, as they will help draw critical conclusions
about the results obtained in this study and will also help verify the validity of the results.



4
Methodology

As seen in the previous chapter 3, for a successful LCA, the four phases namely, goal and scope defi-
nition, Life Cycle Inventory, Life Cycle Impact Assessment and Interpretation, needs to be conducted.
This chapter presents the methodology implemented to carry of the LCA of a PV system consisting of
SHJ solar modules. Thus, the first two stages will be covered in this chapter. Firstly, goal and scope
of the study is defined. After this, an inventory is created which lists the quantities of each and every
material or energy input for the production and usage phase.

The section of Life Cycle Inventory is divided into multiple subsections. Initially the details for the
inputs of cell manufacturing and module manufacturing are discussed. Then the details of how the LCA
software is used, is presented. Finally, the modelling of the prospective scenarios are also discussed.

4.1. Goal and Scope of this LCA
4.1.1. Goal definition
The objective of this study is to perform a comprehensive life cycle assessment for a photovoltaic
system consisting of silicon heterojunction solar modules. The assessment focuses on evaluating and
analyzing the environmental impacts of the SHJ PV system both for the current and future scenarios,
which will be based on the year 2035. By comparing these scenarios, the study aims to understand
potential changes and advancements in environmental performance over time, and under different IAM
and SSP scenarios.

This study is crucial as it acts as a method to investigate the possibilities of larger-scale deployment
of SHJ-based PV systems. While the SHJ photovoltaic technology is not yet as prevalent worldwide,
acquiring only about 5% of the global PV market until 2023, as seen in chapter 1 (which is still higher
compared to thin film PV technologies), the growing interest from industries and research institutions
is evident. Consequently, conducting an LCA on this technology at an early stage in its life cycle will
provide valuable insights into its overall potential environmental impacts and provide insights for the
possible improvements that may be adopted to ensure the sustainable implementation of this technol-
ogy over further, larger scales and see an increment in the percentage share of the global PV market
in the coming decade.

4.1.2. Scope definition
Functional Unit
The functional unit for this analysis is defined as ”1 kilowatt-hour (kWh) of electricity produced”. Thus
the impacts are quantified as units/kWh of generated electricity. This implies that the total electricity
generated by the installed PV system can fluctuate over time and under different conditions, however,
the findings will be analyzed per kWh of electricity generated.

23



4.1. Goal and Scope of this LCA 24

System Boundary
This study uses a cradle-to-grave Life Cycle Assessment (LCA) methodology, which encompasses all
phases of the photovoltaic (PV) system, from rawmaterial extraction to the lifetime, with the exception of
recycling processes. The omission stems from a current deficiency in comprehensive, industry-scale
data on recycling processes and their efficiency for the materials under scrutiny. Moreover, despite
some industries are adopting downcycling methods to manage material waste, dependable and con-
sistent data on these approaches remain scarce. In light of these data limitations, including recycling
or downcycling would considerably elevate the uncertainty in this study’s environmental impact as-
sessments. Hence, to preserve the accuracy of the outcomes, these end-of-life stages have been
intentionally excluded from the analysis.

The SHJ cell manufacturing process is the primary focus of this study, as it plays a critical role in deter-
mining the environmental impact and feasibility of SHJ technology. The term cell manufacturing here
includes each and every process right from the raw material extraction to the final manufactured cell.
Thus the process like quartz mining, production of MG-Si, Cz-Si ingot growth, wafer sawing, PECVD
process and cleaning and texturing, to name a few, are all the steps included in cell manufacturing.
The SHJ cell manufacturing process is the basis of the analysis, with the entire PV system, including
BoS components such as inverters and mounting structures, being evaluated. This focus is essential
because the study is designed to assess the environmental feasibility of the production of SHJ cells,
and analyze the significance of these on the overall system’s sustainability and performance.

However, it is crucial to incorporate the entire PV system into the assessment in order to offer a thorough
analysis of the environmental effects. The inclusion of the BoS components ensures that the results
reflect the real-world application of SHJ cells within a complete PV system. This method enables
a more precise and elaborate analysis, which facilitates a more accurate comparison with other PV
technologies and informs future enhancements in SHJ cell manufacturing.

Figure 4.1: System Boundary of this LCA study

The figure 4.1 depicts the system boundary for this study. On the far right, an energy component lies
outside this boundary. This indicates that any energy-consuming processes, such as the establishment
of a factory or lab for the manufacture of cell or module, are excluded from the scope of this study. About
the system boundary:

• Production:

– Cell Manufacturing: Includes raw material extraction and materials and energy required
for the manufacturing process like PECVD.

– Module Manufacturing: Involves raw material extraction for the module components and
manufacturing steps such as encapsulation, curing, tabbing and framing.
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• Balance of System (BoS):

– For a manufactured module to be operational, a balance of system is required, including
inverters and mounting structures.

• End-of-Life:

– The recycling process and disposal are not included in this study.

The system boundary outlines a clear framework to evaluate the environmental impacts of the SHJ PV
system, emphasizing the production and operational stages and omitting the initial setup and recycling
phases.

Regarding the pLCA, the system boundary will be unchanged, but adjustments in the foreground and
background will be made to enhance the accuracy and reliability of the results.

4.2. Life Cycle Inventory
Like other photovoltaic technologies, silicon heterojunction (SHJ) solar modules have undergone devel-
opment of various cell structures by different research institutions and industries, each showing different
efficiency levels. Among the leading designs is the one by LONGi, achieving an impressive 27.09%
cell efficiency with back contact solar cells [18].

Delft University of Technology has also made significant contributions to realizing high-efficiency SHJ
solar cells. Notably, the work by Y. Zhao presents one of the SHJ cell structures with an efficiency of
24.18%[29]. While different layer stacks are applied to the cell structure in order to obtain the higher
efficiency, the cell design remains straightforward, providing an ease of manufacturing [61].Therefore
this LCA study incorporates the cell structure developed in Zhao’s research, with a cell efficiency of
24.18%, extending it to an industrial level by using existing SHJ LCA studies, such as the work done
by A. Louwen in 2014 [26].

This research utilizes a Silicon Heterojunction (SHJ) solar cell configuration that features a double-layer
design aimed at increasing efficiency and performance. The n-type crystalline silicon wafer (c-Si) plays
a crucial role in absorbing light and generating charge carriers. Encasing this wafer are hydrogenated
intrinsic and doped amorphous silicon layers (a-Si)—notably, an i/n a-Si layer on the front side and an
i/p a-Si layer on the rear side. These layers offer superior surface passivation, reduce recombination
losses and also forms the PN junction for charge separation. The Transparent Conductive Oxide layers
on both the front and rear facilitate efficient charge carrier collection and light passage. Silver (Ag) is
used for the front and back contacts to provide high electrical conductivity. This layered configuration
is intended to enhance the efficiency of the SHJ cell by integrating the advantages of crystalline silicon
with the excellent passivation qualities of amorphous silicon.

Before diving into the specifics of cell manufacturing and constructing the life cycle inventory, it is
essential to establish certain parameters for the cells and modules, which will guide the creation of the
inventory. The table 4.1 below outlines the main parameters and serves to facilitate calculations and
dataset scaling, when necessary.1

1ITRPV predicts that the SHJ cell efficiency of almost 25% by 2024 [21]. However during the research phase of this study, it
had been possible to gather the cell manufacturing data from the research work of Y. Zhao[29] and therefore the cell efficiency
achieved by Y. Zhao has been used in this study.
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Parameter Value

Cell Efficiency 24.18%

Thickness 120 µm

Single Cell Size 182 × 182 mm2 (M10)

Time Frame 2024

Lifetime 30 years

Module Size 2 m2

Cell Configuration/Module 7 × 8

Functional Unit 1 kWh

Table 4.1: Main Parameters for the SHJ Solar Cell and Module

From the point of view of LCA, data collection is an important step. Despite the fact that the order of
the manufacturing steps is not the main focus, it is crucial to consider the energy-consuming processes
and the number of components used in each step. A thorough examination is guaranteed by precise
data regarding energy consumption and materials. Each manufacturing process is described in the
following subsections, with an emphasis on the energy requirements, inputs, and outputs that are es-
sential for the successful completion of each stage.

4.2.1. Cell Manufacturing

Figure 4.2: SHJ cell structure for this study

The figure 4.2 above describes depicts an SHJ cell structure. It is clear from the figure that an SHJ cell
has an n-type c-Si layer in between two a-Si layers. On both the sides of the cell the TCO layers are
implemented (ITO) over which there is a silver metal’s bars.
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Wafer manufacturing
Figure 4.3 shows an overview of the processes involved in the manufacturing of silicon wafers from
quartz.

1. Raw Material Extraction

• Silica is obtained from sand or quartz.
2. Reduction to Metallurgical Grade Silicon (MG-Si)

• The obtained silica is then processed and converted into metallurgical-grade silicon (MG-Si).
3. Purification to Solar-Grade Silicon

• In order to eliminate impurities, MG-Si is subjected to chemical purification through proce-
dure such as:

– Siemens Process: MG-Si is converted to high-purity solar-grade silicon.
4. Ingot - Czochralski Process (Cz Process)

• The Czochralski process is employed to convert the purified solar grade silicon into a single
crystal ingot.

5. Ingot to wafer

• Uniformly trimmed ingots are now sliced into thin wafers of desired thickness using diamond
wire sawing.

Figure 4.3: Wafer Manufacturing overview [62]

The aforementioned process steps outline a general process for the production of a silicon wafer. The
eco-invent database was employed to obtain the input data for the Single-Si wafer production in this
study. This database includes each and every material required, along with the electricity usage in
correct amounts for the production of a single-Si wafer that covers a surface area of 1 square metre.
However, the set of data used here are specifically for the square wafers with a thickness of 270 um
and a dimension of 156× 156mm2.

According to the 15th Edition of the ITRPV [21], the M10 wafer, which is a mono-crystalline silicon
(mono-Si) wafer with dimensions of 182 mm × 182 mm, currently dominates the silicon wafer market.
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The kerf loss for 120-µm thickness, which is one of the most prevalent cell thicknesses in the market
for 2024, is approximately 55 µm, according to ITRPV. As a result, M10 wafers with a thickness of 120
µm were chosen for this study.

In order to guarantee precise and relevant data analysis, it is essential to modify the current database of
Eco invent to correspond with the specifications of theM10 wafer. This was accomplished by employing
a straightforward linear scaling method to convert the data from the Eco-Invent database to align with
the designated wafer specifications. The conversion process is illustrated below, along with the data
in table 4.2, to guarantee that the analysis is consistent with the current market standards and offers
precise insights for the investigation.

Property EcoInvent (µm) Current (µm)

Thickness 270 120

Kerf Loss 180 55

Total 450 175

Table 4.2: Comparison of Properties between EcoInvent and Current Market

Scaling Factor:

Scaling Factor = Totalcurrent market

TotalEcoInvent

Scaling Factor = 175

450
= 0.388

This method guarantees that the database modifications are in accordance with the most recent indus-
try trends and standards, thereby enabling a more accurate and practical examination of the silicon
wafer market.

Cleaning and Texturing
For silicon heterojunction solar cells, cleaning and texturing wafers are done to achieve high efficiency.
These processes removes saw damage, surface impurities, and contaminants that could degrade solar
cell performance. Wet chemical etching is used not only to clean the wafers but also to improve their
light-trapping abilities by texturing the surface.

Sodium Hydroxide (NaOH) is commonly employed in the etching process to eliminate saw damage and
generate a textured surface that improves light-trapping properties. This technique entails a wet alkaline
etch, where NaOH diluted in deionized water reacts with the silicon wafer to create a random pyramid
structure, thereby reducing reflectivity and enhancing light absorption. After texturing, an RCA cleaning
procedure is performed, incorporating hydrogen peroxide (H2O2) and hydrochloric acid to remove any
remaining organic and inorganic contaminants. Lastly, the wafer is subjected to a hydrofluoric acid
(HF) dip to dissolve any residual oxide layers formed in previous stages, ensuring a clean, oxide-free
surface ready for further processing.

Material and Energy Use:

The table 4.3 below provides an overview of the materials and energy consumption involved in the
cleaning and texturing stages for silicon heterojunction solar cells, drawing on data from prior LCA
studies. Since the process of cleaning and texturing takes place over the surface area of the wafer, the
data below has been linearly scaled according to an M10 wafer area, as being used in this study.
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Material/Process Value Unit Source

Hydrogen Fluoride (HF) 0.0802 kg/m2 PERC [56]

Nitric Acid (HNO3) 0.086 kg/m2 PERC [56]

Compressed Air 0.25 m3/m2 Louwen [59]

Sodium Hydroxide (NaOH) 0.156 kg/m2 Louwen [59]

Hydrogen Peroxide (H2O2) 0.012 kg/m2 PERC [56]

Hydrochloric Acid (HCl) 0.0141 kg/m2 PERC [56]

Ammonia (NH3) 0.0127 L/m2 PERC [56]

Water (H2O) 33.43 L/m2 Louwen [59]

Electricity 0.647 kWh/m2 Louwen [59]

Table 4.3: Material and Process Values

PEVCD Process
Plasma Enhanced Chemical Vapor Deposition (PECVD) which is used in the manufacturing of silicon
heterojunction (SHJ) solar cells, primarily involves the deposition of amorphous silicon layers. This
process uses silane (SiH4) as the primary gas to deposit the amorphous silicon. In addition, gases
such as phosphine (PH3), diborane (B2H6), and hydrogen (H2) are used for doping and improving the
process. These gases were quantified based on the research work done Zhao in [29] (lab scale). The
thickness of intrinsic and doped layers on both the sides were reported to be 8nm and 2nm, respectively.
To adapt this data for industrial-scale production, linear scaling of data was applied to estimate the
required quantities accurately by refering and incorporating the data used A. Louwen’s work in [59].
Other than the gases and chemicals used for the deposition of layers, electricity and water is also
required, for which the data has been directly used from A. Louwen’s work in [59]. Figure 4.4 depicts
the pictorial representation of a standard PECVD process, and table 4.4 shows the values used as
inputs for the inventory for this process. More about this can be found in the Appendix A.

Material/Process Input Value Unit Source

Silane (SiH4) 0.00108 kg/m2 [29],[59]

Diborane (B2H6) 0.002117 kg/m2 [29],[59]

Phosphine (PH3) 0.000138 kg/m2 [29],[59]

Hydrogen (H2) 0.003548 kg/m2 [29],[59]

Water 192.97 L/m2 [59]

Electricity 3.228 kWh/m2 [59]

Table 4.4: Material and energy inputs for PECVD process.
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Figure 4.4: PECVD Process [63]

TCO Layer
Transparent Conductive Oxide (TCO) layers function as transparent electrodes that facilitate electrical
conduction and allow light to penetrate the cell. In this study, Indium Tin Oxide(ITO) is used as the
TCO layer due to its exceptional optical transparency, low electrical resistivity, and strong chemical
stability. In addition to this, ITO also possesses the properties of anti Reflection coating (ARC), which
help reduce light reflection and enhance overall cell efficiency.

Different fabrication techniques, such as nebulizer spray pyrolysis (NSP), spray pyrolysis, pulsed laser
deposition, thermal evaporation, chemical sol-gel methods, magnetron sputtering, and vapor deposi-
tion, can be utilized to produce ITO thin films. In this research, the data for the sputtering method is
used because it is one of the most widely used techniques globally to obtain a TCO layer. Optimized
Sn-doped In2O3 (ITO) has shown to be an effective TCO material for SHJ solar cells owing to its out-
standing physicochemical properties like high transmittance, electrical conductivity, mobility, bandgap,
stability and low refractive index. The table 4.5 below is the inventory list used for TCO layer application
in this study.

Material/Process Input Value Unit Source

Indium Tin Oxide (In2O3) 0.00256 kg/m2 Louwen [59]

Water 511.82 L/m2 Louwen [59]

Electricity 6.07 kWh/m2 Louwen [59]

Table 4.5: Material and energy inputs for TCO process.

The ITO value of 0.00256 kg/m2 has been calculated referring to the study done by A. Louwen [59].
The thickness of the ITO layers on both the sides is assumed to be 75nm. Linear scaling has been



4.2. Life Cycle Inventory 31

followed as a standard here as well as in all the other process steps.

Metallization
Screen printed Ag metallization, cured at low temperature is crucial in silicon heterojunction (SHJ) solar
cells for forming both front and rear electrical contacts. It ensures high electrical conductivity, facilitating
efficient current collection and transfer. The paste adheres well to silicon surfaces, provides mechanical
stability, and endures thermal cycling. Designed for low-temperature processing, it meets the specific
requirements of SHJ technology. Furthermore, silver paste aids in light management and maintains
durability throughout the cell’s lifespan, which is vital for the efficiency and reliability of SHJ solar cells.
Despite being a rare metal, silver remains the most commonly used paste for SHJ cells in commercial
applications, and thus, silver paste is employed in the current scenario.

The information concerning the usage of silver paste has been sourced from ITRPV [21]. It indicates
that for an M10 cell, the total silver consumption for the front and back side together in 2024 is around
140mg/cell. This translates to almost 4.22 g/m2 for an M10 cell that is an area of 182mm*8182mm.
The following table 4.6 provides data specific to the M10 surface area wafer to determine the adequate
amount of silver paste for the SHJ cell in this study.

Material/Process Input Value Unit Source

Silver Paste-front 0.00211 kg/m2 ITRPV [21]

Silver Paste-back 0.00211 kg/m2 ITRPV [21]

Compressed Air 511.821 m3/m2 Louwen [59]

Electricity 0.524 kWh/m2 IEA PVPS [10]

Table 4.6: Material and energy inputs for the metallization process.

Assumptions
-The cell structure described in Zhao’s work includes both nc-Si and nc-SiOx layers. Nonetheless,
these layers are not implemented into the LCA for this study due to the unavailability of deposition
process data. For instance, information regarding the additional electricity required for the deposition
of these layers is missing. As a result, the structure has been simplified, and it is assumed that the
efficiency will remain at 24.18% even without these additional layers. Appendix C presents LCA results
that incorporate these layers as well, with any unavailable data being linearly scaled based on the
thickness of the new layers.

- The size of the module and cell configuration has been assumed based on the SHJ data sheets avail-
able form different manufacturers. Various SHJ datasheets were investigated, and the most common
module size, that is 2m2 was chosen and accordingly the number of cells were decided.

- In the cleaning process, for etching KOH can also be used. NaOH has been used because of the
detaield data availability for this.

-RCA cleaning might not be used in the industries, however it is a process being done in laboratories,
and thus, owing to the data availability, this process has been used.

- For Cz growth, the ecoinvent database does not explicitly distinguish between the n-type data and
p-type data. Therefore, it is assumed that the environmental impacts from Cz growth will be similar for
both p-type and n-type.

-For PECVD process, an assumption has been taken that the chemicals and gases consumed in the
process scale directly according to the learning rate of the wafer, and not with the individual layer
thickness. This has been done because of the lack of availability electricity and water usage data at lab
scale and the difference in throughput values between lab and industry, both of which were unknown.
Since these are important information for going from lab scale to industry scale, and it was not possible
to collect such complicated data, it was assumed that the values used in [59] would scale linearly along
the wafer thickness learning rate.
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4.2.2. Module and BoS
In this analysis, an in-depth inventory for the production of Silicon Heterojunction (SHJ) photovoltaic
modules was not specifically performed. The main aim of this research is to assess the complete life
cycle impacts of SHJ photovoltaic systems, which encompasses the modules, but the core focus is
on the cell technology. Moreover, there is a significant shortage of publicly accessible datasets that
pertain to the inventory for SHJ module production. Consequently, this study utilizes the data provided
for PERC modules in the IEA PVPS PERC LCA report released in 2024 [56].

Reasons for utilizing IEA’s module inventory for PERC as a proxy for SHJ modules:

• Focus on Cell Technology: This study primarily aims to evaluate the environmental impacts and
advantages of SHJ cell technology. SHJ cells mark a considerable technological leap with pos-
sible enhancements in efficiency and performance. Therefore, the main focus is on the cells
themselves instead of the module level.

• Similarity in Module Production: The production processes and materials for PV modules among
different cell technologies, such as SHJ and PERC, are mostly similar. This includes the use
of encapsulants, glass, frame materials, and other components and processes like lamination,
framing, and encapsulation. These resemblances ensure that the environmental impacts linked
to module production are comparable. Therefore, the inventory list for a PERC module can be
effectively employed as a proxy for an SHJ module. 2

• Availability of Reliable Data: Extensive and reliable inventory data for PERC modules can be eas-
ily accessed from reputable sources such as the International Energy Agency Photovoltaic Power
Systems Programme (IEA PVPS). Utilizing this data offers a solid foundation for the research.

The following table 4.7 shows the inventory used for modules of this study:

The IEA PVPS PERC LCA inventory accounts for a module with a size of 2.17m2 and an efficiency
of 21.16%. Each module comprises 144 half-cut M6 cells. In this SHJ study, the module size was
considered to be 2m2 with an efficiency of 22.18% and 56 cells (7x8 configuration) in each module
[56].

4.2.3. Details for BoS
For this study, the balance of system(BoS) includes the inverters and mounting structures. The inven-
tory provided in the IEA PVPS task 12 is a very detailed and comprehensive incorporating the details
for each and every component required to make an inverter. The list of inventory for both the mounting
structures and inverters can be found in the Appendix A [64].

2Note: When encapsulated with EVA, SHJ modules face the problem of water ingress, which occurs because the moisture
leads to release of sodium ions, which then combine with water to form NaOH, which penetrates through the EVA. This could
damage the passivation layer of the cell.
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Name Location Unit Amount

Materials

Aluminum alloy GLO kg 1.19E+00

Solar glass GLO kg 7.49E+00

Copper GLO kg 7.45E-02

Lead GLO kg 4.49E-02

Tin GLO kg 7.67E-03

Ethylene-vinylacetate, foil GLO kg 1.67E+00

Polyethylene, film GLO kg 3.84E-02

Polyurethane, rigid foam GLO kg 4.13E-02

Granulate GLO kg 4.54E-01

Silicone products RER kg 1.14E-01

J-box + cables GLO kg 5.92E-01

Anti-reflex coating GLO m2 3.92E-01

Packaging material

Polystyrene GLO kg 2.16E-02

Cardboard RER kg 2.44E-01

Pallet RER kg 2.49E-01

Energy utility

PV panel factory GLO kWh 4.86E+06

Tap water from public supply RER kg 3.98E+04

Transport

Freight train GLO tkm 1.06E-04

Freight lorry RER tkm 7.77E-03

Table 4.7: Material and energy inputs for SHJ module production [56]

4.3. Methodology: Impact Assessment
4.3.1. LCA Software: Brightway2.0
The third stage of an LCA is that of impact assessment. However, before moving on, it is important to
implement all the inventory created in the previous sections in one of the software to get the appropriate
results.

Brightway2.0 software has been utilized for this Life Cycle Assessment (LCA). Brightway2.0 is an ad-
vanced open-source LCA software written in Python. It offers a variety of powerful tools and a high
degree of flexibility, making it ideal for comprehensive environmental assessments [47].

Reasons for Choosing Brightway2.0:-

• Flexibility and Customisation: Brightway2.0, in contrast to many commercial LCA tools, pro-
vides a high degree of flexibility, enabling the customization of LCA models to meet specific re-
search requirements. This is especially crucial for modeling the distinctive processes involved
in the production of Silicon Heterojunction (SHJ) solar cells. In accordance with the selected
functional unit, it is also easy and straightforward to use.
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• Advanced Analytical Capabilities: Brightway2.0 facilitates a diverse array of advanced analyt-
ical methodologies, such as Monte Carlo simulations, sensitivity analysis, and contribution anal-
ysis. These capabilities enable a more thorough evaluation of environmental effects.

• Ecoinvent Database Integration: The software seamlessly integrates with the Ecoinvent database,
which offers a wide range of datasets on background processes, thereby guaranteeing a high de-
gree of accuracy in the assessment results. This integration is essential for including various
background processes and transportation impacts into the analysis.

• Prospective Scenario Modelling: Brightway2 excels in modeling prospective (future) scenarios.
This feature is especially beneficial for evaluating the future effects of SHJ solar cell technology
in various socio-economic and environmental contexts.

• Activity Browser: Finally, the graphical interface used by Brightway2.0 is ’Activity Browser’,
which is a simple and easy to use interface in order to formulate the results.

4.3.2. ReCiPe
For the Impact Assessment in this research, the ReCiPe model has been utilized. ReCiPe is a detailed
life cycle impact assessment (LCIA) method created in 2008 through the partnership of RIVM, Radboud
University Nijmegen, Leiden University, and PRé Sustainability [65]. Its purpose is to convert vast
amounts of life cycle inventory data into a limited set of indicator scores that represent the extent of
environmental effects. ReCiPe assesses impacts at two tiers: 18 midpoint indicators and 3 endpoint
indicators, offering a comprehensive and globally applicable view of environmental impacts.

• Midpoint indicators: Midpoint indicators are primarily focused on individual environmental is-
sues such as climate change, acidification, and land use. These indicators are generally simpler
to evaluate and comprehend, as they are directly associated with the source of the impact. Conse-
quently, they offer a more detailed analysis of the inventory, aiding in the identification of hotspots
and opportunities for system-wide improvements [66].

• Endpoint indicators: These are the ultimate evaluations of environmental impacts grouped into
three main categories: 1) human health, 2) biodiversity, and 3) resource scarcity. Endpoint indica-
tors provide a broader perspective compared to midpoint indicators, as they reveal the final results
of environmental changes and facilitate a more integrated and consistent comparison across dif-
ferent impact categories. However, calculating and interpreting endpoint indicators can be more
challenging than midpoint indicators, due to the need for additional data, complex modeling, and
the inclusion of more uncertainties and subjective assessments[66].

The ReCiPe methodology provides three cultural viewpoints [67]:

• Individualist: A short-term perspective with a positive outlook on technological solutions.
• Hierarchist: A model based on consensus, often considered the standard.
• Egalitarian: A long-term view emphasizing precautionary measures.

Several notable benefits of the ReCiPe framework are its extensive array of midpoint impact categories,
worldwide applicability, and the omission of potential future extraction impacts, which are presumed to
be included in the inventory analysis. The most recent update, ReCiPe 2016, integrates new data and
research and has been developed by the Dutch National Institute for Public Health and the Environment
(RIVM), Radboud University Nijmegen, Norwegian University of Science and Technology, and PRé
Sustainability.

Given that the ’Midpoint Impact Category’ methodology emphasises individual impacts, this study will
adopt this method to perform the impact assessment and interpretations for the LCA. The table 4.8
presents the 18 different impact categories, their indicators, and units of measurement.

While every category is crucial for comprehensively evaluating the Silicon Heterojunction (SHJ) photo-
voltaic (PV) system, this research will concentrate on a handful of key impact categories. In particular,
the focus will be on Climate Change, Ecotoxicity: Freshwater, Ecotoxicity: Marine and Land Use.
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Impact Category Indicator Unit

Climate change Global Warming Potential (GWP1000) kg CO2-Eq

Ozone depletion Ozone Depletion Potential (ODP) kg CFC-11-Eq

Human health, cancer Human toxicity potential (HTPc) kg 1.4-DCB-Eq

Human health, non-cancer Human toxicity potential (HTPnc) kg 1.4-DCB-Eq

Particulate matter Particulate matter Formation(PMFP) kg PM2.5-Eq

Ionising radiation, human health Ionising radiation potential (IRP) kg Co-60-Eq

Photochemical oxidant formation

: human health

Photochemical oxidant

formation potential: human health(HFOP)
kg NOx-Eq

Acidification: terestrial terrestrial acidification potential(TAP) kg SO2-Eq

Eutrophication, freshwater freshwater eutrophication potential(FEP) kg oil-Eq

Eutrophication, marine marine eutrophication potential (MEP) kg oil-Eq

Ecotixicity Terrestrial terrestrial ecotoxicity potential kg oil-Eq

Ecotoxicity, marine marine ecotixicity potential(METP) kg oil-Eq

Ecotoxicity, freshwater freshwater ecotoxicity potential(FETP) kg 1.4-DCB-Eq

Land use agricultural land occupation(LOP) m^2*a crop-Eq

Water use water consumption potential m^3

Resource use, minerals and metals surplus ore potential(SOP) kg Cu-Eq

Resource use, fossils fossil fuel potential kg oil-Eq

Photochemical oxidant formation:

terrestrial ecosystem

Photochemical oxidant

formation potential: ecosystems(EOFP)
kg NOx-Eq

Table 4.8: 18 Mid Point Impact Categories

4.4. Parameter Explanation
In this research, the initial input data is given in per square meter (m2) units. However, since the chosen
functional unit is per kilowatt hour (kWh), it is crucial to appropriately employ the functional unit in the
study. For this purpose, it is required to first calculate the total electricity generated by the chosen
photovoltaic (PV) system throughout its lifespan.

The electricity production is calculated using the following formula:

E(kWh) = S.I. (kWh/m2/yr)× L.T. (years)×M.E.(%)× R.A. (m2)× P.R. (%)× D.R. (%)

3 Where:

• S.I. is Solar Irradiation (the amount of solar energy received per square metre per year).
• L.T. is the Lifetime (refers to the operational lifespan of the PV system).
• M.E. is the Module Efficiency(the initial operational efficiency of modules at STC).
• R.A. is the Rooftop Area (the surface area available for the PV installation).
• P.R. is Performance Ratio( losses due to factors such as shading, temperature variations, and
system inefficiencies).

3The formula used here is a simplifies and theoretical formula. There are other softwares and tools like PVsyst available to
calculate more accurate performance of a PV system.
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• D.R. is Degradation Rate(Represents the annual percentage decrement in the efficiency of the
PV system, because of the factors like environmental conditions).

By entering these parameters, the total electricity generated by the photovoltaic system over its lifetime
was calculated. This value is then used to convert all input data from a per square meter basis to a per
kilowatt-hour basis.

Afterwards, the software used in this research modifies the data to the per kWh format, guaranteeing
that the conclusions are in line with the designated functional unit for this study. This method allows
for a more precise evaluation of the environmental effects and efficiency of the Silicon Heterojunction
(SHJ) PV system.

The details of each of these parameters are presented in the table 4.9 below:-

PARAMETER VALUE

Module Efficiency 22.18%

Lifetime 30 Years

Module size 2m2

Solar Irradiation 1000kWh/m2

Rooftop area 22m2

Performance ratio 0.75

Degradation rate 1st year 2%

Degradation rate 2-30 years 0.6%

Table 4.9: Parameters used to determine total electricity production

• Module Efficiency: The PV module’s efficiency is taken to be at 22.18% at STC. This figure
takes into account a 2% decrease from the efficiency at the cell level to the module level.

• Lifetime: The PV system’s operational duration is considered to be 30 years, in line with the
ITPRV 2024 recommendations [21].

• Module Size: The PV module’s dimensions are given as 2 square meters.
• Solar Irradiation: The amount of solar energy received per square meter per year, set at 1000
kWh/m2. This is the average solar radiation for the Netherlands [68].

• Rooftop Area: The PV installation area is presumed to be 22 square meters. This parameter
has a significant contribution in the overall impacts, as changes in rooftop area affect the total
electricity generation. The selection of 22 m2 is based on the standard rooftop area needed for
a 3 kWp PV system. As per the ”Life Cycle Assessment of Photovoltaics: Update of ecoinvent
data” report, 22 m2 is used to maintain consistency in the analysis [69].

• Performance Ratio: An efficiency factor accounting for losses due to shading, temperature vari-
ations, and system inefficiencies, assumed to be 0.75.

• Degradation Rate 1st Year: The efficiency degradation rate during the first year of operation,
set at 2% [21].

• Degradation Rate 2-30 Years: The annual efficiency degradation rate for the remaining years,
set at 0.6%. This gradual reduction in efficiency over time will be factored into the overall electricity
production calculations [21].

By accurately defining these parameters, the study can effectively convert input data from a per square
meter basis to a per kilowatt-hour basis, ensuring that the findings align with the specified functional
unit and providing a comprehensive assessment of the environmental impact and performance of the
SHJ PV system.
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4.4.1. pLCA
Prospective Life Cycle Assessment (LCA) is a forward-thinking methodology that is intended to evalu-
ate the prospective environmental consequences of products, processes, or systems that are currently
in the planning or development phases. In contrast to conventional LCA, which assesses the environ-
mental performance of present products or processes, prospective LCA anticipates future technological
advancements, market trends, and regulatory changes. This anticipation enables a more dynamic and
predictive evaluation, which incorporates a variety of future scenarios to offer a comprehensive under-
standing of prospective impacts. Scenario planning is one of the primary characteristics of prospective
LCA. This entails the development of numerous future scenarios that are predicated on a variety of
assumptions regarding technological advancements, market dynamics, and policy modifications. By
examining these scenarios, prospective LCA offers a glimpse into the potential impact of various fac-
tors on environmental outcomes. This method not only identifies opportunities for advancement early
in the development process but also emphasises potential environmental hotspots.

Another critical component for prospective LCA is the incorporation of dynamic data. The data em-
ployed in the evaluation is subject to change as technologies and markets develop. Prospective LCA is
a method that estimates prospective environmental impacts by incorporating time-dependent changes
in data and predictive models. This guarantees that the evaluation remains applicable and precise,
accurately representing the most recent developments and trends in the industry.

pLCA involves the Integrated Assessment Models and Shared Socioeconomic Pathways to create
different future scenarios as seen in the section 3.4. For this study, the SSP1 and SSP2 scenarios have
been chosen. These are the pathways that follow the sustainability path thus are the most relevant
ones in this study. As for the IAM models, the most common pLCA models available, the IMAGE
and REMIND models are used. By combining these IAM models and SSPs, three different scenarios,
namely, SSP1-Remind, SSP2-Remind and SSP2-Image models are used to conduct the pLCA:

• SSP2 Image: The IMAGE model under SSP2 offers a moderate perspective, reflecting a world
with continued development. This scenario serves as a plausible baseline for future trends, help-
ing to understand the potential environmental impacts of ongoing developments. The SSP2-
IMAGE model identifies challenges and areas needing further effort to improve the sustainability
and adoption of SHJ solar cells within a conventional developmental pathway.

• SSP1 Remind: The REMIND model under SSP1 emphasizes the importance of global cooper-
ation, robust environmental policies, and rapid technological advancements in transitioning to a
low-carbon economy. It underscores the economic benefits of investing in sustainable technolo-
gies like SHJ solar cells, demonstrating how these investments can significantly reduce green-
house gas emissions and promote long-term sustainability.

• SSP2-Remind: Under SSP2, the REMIND model provides a view of a world where economic
and technological advancements follow historical trends, with only modest efforts toward sus-
tainability. This model predicts the potential performance of SHJ solar cells in typical economic
conditions, highlighting incremental advancements in technology and policy. The SSP2-REMIND
model helps stakeholders identify key leverage points for enhancing SHJ solar cells’ role in an
evolving energy market and developing strategies to overcome obstacles even in less ambitious
scenarios [70].

SSP Scenario Model Climate Policy

SSP1-RCP2.6 REMIND Paris Agreement objective (1.7◦C)

SSP2-RCP2.6 REMIND Paris Agreement objective(1.6-1.8◦C)

SSP2-RCP2.6 IMAGE Paris Agreement objective(1.6-1.8◦C)

Table 4.10: Scenarios for pLCA in this study for the year 2035[70]

4.4.2. pLCA SHJ Foreground and Background changes
There are two ways to conduct pLCA. One by foreground changes, which means the changes in the
technology itself over the time-period. For instance, the efficiency of the solar cells may increase in
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future (or may be estimated to increase), or the thickness of the cell reduces, thereby reducing the
amount of certain materials used for the manufacturing of the cell itself. The other is by background
changes, which refers to the shift in the electricity mix, or transportation sector etc., basically anything
that does not directly impact the manufacturing process but has its contribution in the hindsight. All
these changes will bring certain changes in the environmental impacts, and therefore it becomes im-
portant to study these change in the results for the future scenarios, in order to predict how well the
development of the SHJ solar cells are going to be, and thus, how much acceptable to the environment
these solar cell technologies can be in the coming years.
This study combines both these of pLCA, that is the results for the future are calculated accumulating
both the foreground and background changes. As for the background changes, the chosen year for
future scenarios is 2035, therefore the energy mix with shift according to the predicted changes in the
Netherlands energy mix by the year 2035.

The table 4.10 above depicts the 3 different scenarios chosen to evaluate the environmental impacts.
All these 3 scenarios have different changes in the background scenarios in terms of energy mix, trans-
portation involvement, and raw material extraction process depending upon the Climate Policy and the
Share-Socioeconomic Pathway.

For the foreground changes, the table 4.11 below depicts the major changes applied to the inventory
data listed in the section with current scenario’s methodology:

Input Data for 2024 Data for 2035 Source

Cell thickness 120µm 100µm ITRPV [21]

Silver Consumption/cell 140mg 80mg ITRPV[21]

Cell Efficiency 24.18% 26.6% Zhao[29] & ITRPV [21]

Module Efficiency 22.18% 24.4% ITRPV [21]

Lifetime 30 years 40 Years ITRPV [21]

Degradation Rate 2% (1st year), 0.6%(rest) 1% (1st year), 0.5%(rest) ITRPV [21]

Table 4.11: Foreground changes

4.4.3. Electricity Generation for pLCA
For pLCA, the ’premise’ library in python has been used. As explain in the section 3.4.4, it incorporates
the ecoinvent database and Wurst library to come up with new LCI databases that follow different IAM
scenarios, depending on the climate policies they follow.

Figure 4.5 below shows the expected gross global electricity production mix as predicted by the devel-
opers of premise for various years and from various technologies. It can be inferred from the figure
that in the Image model, for the year 2035, about 42% contributions come from the renewables and
about 30% from the CCS. For the Remind model, the electricity generation will be even higher from the
renewables at about 78%.
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Figure 4.5: Predicted global electricity production by different technologies [54]

Although the prediction here is for the RCP 19 scenarios, and in this study RCP 26 scenarios are used,
it can be assumed that the energy mix will remain almost consistent since both follow the same Paris
Climate Agreement and the time period is for 11 years (from current to prospective), a big deviation is
not anticipated. More details about this can be found in Appendix B.
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Results and Discussions

In the methodology chapter, the methods adopted to create the inventory for both the current and future
scenarios were discussed, followed by the selection of IAM models and SSP scenarios. Finally, all the
collected data was used as inputs into the Brightway2.0 software and using the Cutoff (current) and
future libraries, the results for all 18 impact categories were obtained.

In this chapter, these results are presented, along with a detailed explanation and comparison of the
results for different impact categories between the current and future scenarios. A contribution analysis
for the cell manufacturing stage will also be presented to get a better idea of which process step has the
highest contribution to different categories. Finally in the section of sensitivity analysis, some parame-
ters are changed according to certain predictions to see how the variation in one particular parameter
leads to the overall change in the results. This will give better insight into the most important hotspots
in SHJ technology to be considered for future improvements to make the system more sustainable and
environment friendly.

5.1. Impact Assessment Results
The table 5.1 below depicts the results for all the 18 impact categories for the current scenario results,
serving as the base case for this study.
Although all these impact categories are important, the values obtained for some of them are very
small to make a significant impact on the overall study. The categories which show significant results
to be analyzed are the climate change, ecotoxicity: freshwater, ecotoxicity: marine and Land Use. In
the following sections, this study will look at a more detailed interpretation of the results only for these
categories.

For the prospective scenarios, various IAM models and SSP’s were discussed in the Literature Review
chapter. From all the available options, this study focuses on the following three scenarios:

1. SSP1-RCP2.6 REMIND: This scenario is developed based on the Climate Policy that follows the
Paris Agreement objective of limiting the Global Mean Surface Temperature (GMST) increase to
1.7°C by 2100. This scenario is modeled using the REMIND IAM.

2. SSP2-RCP2.6 REMIND: This scenario aims for a GMST increase of 1.6-1.8°C by 2100, in line
with the Paris Agreement objectives. It is also modeled using the REMIND IAM.

3. SSP2-RCP2.6 IMAGE: Similar to the previous scenario, this one targets a GMST increase of
1.6-1.8°C by 2100 but is modeled using the IMAGE IAM.

These three scenarios represent the best and most realistic approaches that might be adopted, provid-
ing optimistic results for LCA studies. For comparison purposes, the climate change impact category
also includes results for the SSP5 base scenario, illustrating the differences if climate policies are not
implemented and business continues as usual.

40
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No. IMPACT CATEGORY VALUE UNIT/kWh

1 Climate Change 0.02204 kg CO2-eq

Global Warming Potential (GWP1000)

2 Acidification Terrestrial 8.41E-05 kg SO2-eq

Terrestrial Acidification Potential (TAP)

3 Ecotoxicity Freshwater 0.012231 kg 1.4-DCB-eq

Freshwater Ecotoxicity Potential (FETP)

4 Marine Ecotoxicity Potential (METP) 0.015725 kg 1.4-DCB-eq

5 Ecotoxicity: Terrestrial 0.102259 kg 1.4-DCB-eq

Terrestrial Ecotoxicity Potential (TETP)

6 Energy Resources: Non-Renewable, fossil 0.00525 kg oil-eq

Fossil Fuel Potential (FFP)

7 Eutrophication: Freshwater 2.25E-05 kg P-eq

Freshwater Eutrophication Potential (FEP)

8 Eutrophication Marine 1.11E-06 kg N-eq

Marine Eutrophication Potential (MEP)

9 Human Toxicity: Carcinogenic 0.003195 kg 1.4-DCB-eq

Human Toxicity Potential (HTPc)

10 Human Toxicity: Non-Carcinogenic 0.153638 kg 1.4-DCB-eq

Human Toxicity Potential (HTPnc)

11 Ionising Radiation 0.001783 kg Co-60-eq

Ionising Radiation Potential (IRP)

12 Land Use 0.001457 m2* crop-eq

Agricultural Land Occupation (LOP)

13 Material Resources: Metals/Minerals 0.000959 kg Cu-eq

Surplus Ore Potential (SOP)

14 Ozone Depletion 8.88E-09 kg CFC-11-eq

Ozone Depletion potential (ODPinfinite)

15 Particulate Matter Formation 4.12E-05 kg PM2.5-eq

Particulate Matter Formation potential (PMFP)

16 Photochemical Oxidant Formation: Human Health 6.45E-05 kg Nox-eq

Human Health (HOFP)

17 Photochemical Oxidant Formation: Terrestrial Ecosystems 6.68E-05 kg Nox-eq

Terrestrial Ecosystems (EOFP)

18 Water Use 0.00031 cubic meter

Water Consumption Potential (WCP)

Table 5.1: Environmental impacts per kWh for all 18 the impact categories in current (2024) scenario
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5.2. Impact Assessment: by Impact Category
5.2.1. Climate Change

Figure 5.1: Results of Climate Change impact category for the 5 scenarios (with BoS)

Climate change is one of the most common and widely used category to evaluate the environmental
impacts. The figure above shows the results for this impact category.

The graph 5.1 above illustrates the global warming potential (GWP) measured in kg CO2-equivalent
(kg CO2-Eq) for four different scenarios:

• 2024 (Base Scenario): The GWP is 22.04 g CO2-Eq/kWh
• 2035 SSP1-Remind: This scenario, reflecting the optimistic SSP1 pathway, shows a reduced
GWP of 8.75 g CO2-Eq/kWh.

• 2035 SSP2-Remind: The REMIND model for SSP2 in 2035 shows the lowest GWP at 6.91 g
CO2-Eq/kWh, indicating significant reductions in emissions possibly due to strong climate policies
and changes in the electricity mix. Even the equipment used in the processes involved, like raw
material extraction may become more efficient thereby decreasing the emission values.

• 2035 SSP2-Image: The IMAGE model for SSP2 in 2035 has a GWP of 12.71 g CO2-Eq/kWh,
higher than REMIND but lower than SSP1 and the base scenario.

• 2035-SSP5: The SSP5 scenario has the highest impact value amongst all the future scenarios
at 20.63 g CO2-Eq/kWh, which is almost comparable to the base case scenario of 2024.

This analysis underscores the possible decrease in the effects of global warming potential of the SHJ
based PV system of this study in various socioeconomic scenarios and climate strategies, with SSP2-
REMIND demonstrating the most favorable outcomes for reducing climate change.
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As explained before, the prospective scenarios, SSP1-2035 of the REMIND model, SSP2-2035 of the
IMAGE and REMIND model, all are dependent on different learning rates from the recent past (deter-
mined by the developers of the Premise software). All of these scenarios follow the path developed
according to the Paris Climate Agreement and thus show the decrement in global warming potenial by
a considerable margin over the course of 11 years.

On the other hand, the last prospective scenarios, that of SSP5 for 2035, is the scenario which does
not follow any of the climate policies. In addition to this, unlike the other aforementioned scenarios, this
scenario does not follow a sustainable path. Instead, SSP5 follows the pathway which uses fossil fuel
to the maximum limit in the future. This means that whatever development that will take place will be
powered by fossil fuel as much as possible. Therefore, it is understandable for the high amounts of
global warming potential,as seen in the graph for this scenario.

To gain clearer insights into the GWP reduction depicted in the graph above, the following contribution
analysis is provided. The balance of system, such as inverters and mounting structures, is excluded
from the contributional analysis to focus primarily on the SHJ cells and modules. This approach will
provide more precise information about the components within SHJ modules that exhibit the most
significant changes in emission values across various scenarios. Since, the results of overall GWP for
SSP5 came to be very high, this scenario will not be discussed in the contriutional analysis, since this
pathway naturally becomes the one that if taken would be very harmful for the future.

Graph 5.2 represents the contribution analysis for this impact category. The graph shows that in all four
scenarios, the majority of emissions come from the module production phase. This phase accounts
for approximately 40% (from the total of about 9.8g CO2-Eq/kWh) in the 2024 scenario. The module
production process encompasses any part necessary to complete the module, excluding solar cells,
such as aluminum alloy production, solar glass, etc.

Figure 5.2: Contribution analysis from climate change impact category (without BoS)

Amongst the cell manufacturing steps, the major contributors are from the solar grade manufacturing,
wafering and in particular the Czochralski process. These three process steps make up about 50% of
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the total impact of climate.

2024 Scenario
• Solar Grade Silicon (13%): In the production of solar grade silicon, the major contributors to
CO2 emissions are from the process used to convert the MG-Si to solar grade silicon, which
incorporates raw material extraction, use of MG-Si and the emissions from Siemens process.

• Czochralski Process (27%): The overall contribution to GHG emissions from Cz-Si process
itself is quite high, even when the solar grade silicon production step is not included here. It is
notable for its energy-intensive process, which escalates electricity usage during the growth of
silicon crystals.

• Wafering (12%): In the analysis of single silicon wafer contributions, emissions associated with
Cz-Si are excluded to prevent double counting the data. Consequently, at this stage, only the
emissions from themanufacturing processes that transformCz-Si into single-Si wafers are consid-
ered, also known as wafering. Of the 12%, the main contributors are the production and market of
silicon carbide, as well as electricity usage. This electricity usage likely encompasses processes
like wafer sawing and polishing. 1

• Cell Production (6%): The overall GHG emissions see an increase of merely 5% from the man-
ufactured wafer stage to the final cell manufacturing. This indicates that the cell manufacturing
processes make a minimal contribution. Hence, steps in cell manufacturing such as PEVCD and
TCO sputtering add only a small portion to the total GHG emissions.

• Module Production (43%): Significant contributor because of the substantial electricity needed
for processes and material sourcing. The production of aluminum alloy for the module frame
and solar glass are the main contributors. Flat glass production accounts for over 80% of solar
glass. Over 35% of module production emissions come from electricity usage, aluminum alloy
production, and solar glass production.

2035 SSP1-REMIND
All the process involved in the cell production phase in this scenario have about 30-32% reduction in
GHG emissions from the base case scenario of 2024.

• Solar Grade Silicon: During the production phase of solar grade silicon, there has been a some
decrement in emissions. There is almost a 30% reduced emissions from the base case, which
is primarily due to the alterations in the Netherlands’ electricity mix, which led to approximately
16% lower emissions from electricity consumption across all processes (such as the Siemens
process). However, the percentage of GHG emissions associated with the use of MG-Si to obtain
Cz-Si remains nearly identical to the 2024 scenario.

• Czochralski Process: The significant reduction (about 32% from the 2024 scenario) in the per-
centage for the Cz-Si process step is due to lower emissions from electricity usage and sub-
sequent generation of solar grade silicon. Therefore, enhanced energy efficiency and a higher
reliance on renewable energy sources help in decreasing emissions.

• Similar trends in Cell Production and wafering: The lowered emissions in the cell production
and the wafering processes like wafer slicing, indicate that these process are not only optimized
by the use of greener electricity but also by the raw material extraction processes involved in
these stages.

• Module Production: Module production has the highest reduction in emissions, of about 40%.
The production process of aluminium alloy for the module frames have a significant reduction
in the emissions, attributing to the advancements in material extraction and manufacturing pro-
cesses).

1In recent years, diamond wire sawing is being used instead of SiC. This might bring some difference in the emissions,
however the ecoinvent database still uses the SiC as an assumption for data.
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2035 SSP2-REMIND
• Czochralski Process and cell manufacturing: There is a significant reduction in emissions
from the Cz-Si phase, approximately 85% compared to the 2024 scenario. The largest decrease
is observed in emissions from electricity usage. Furthermore, the impact from electronic grade
silicon has diminished, suggesting that both the electricity mix and raw material extraction pro-
cesses have become more optimized and efficient. This points to a substantial transition towards
sustainable practices and renewable energy. Its contribution to the overall emissions is only 12%.
The cell manufacturing phase also exhibits similar trends, with a minimal contribution of just 3%
to the total emissions in this context.

• Solar Grade Silicon and wafering: Both these stages have shown a reduction of around 70% in
emissions compared to the baseline scenario. The MG-Si production stage for solar grade silicon
has seen the largest decline in emissions, while for wafering process, the most significant reduc-
tion has been in the silicon carbide market followed by electricity use. These can be attributed
to the fact that the resource utilization will be highly efficient in the future under this scenario.
Together they contribute to only about 21% of the total emissions in this particular scenario.

• Module Production : This remains high in the contribution to the overall impacts (64%), however
the emissions decrease to almost 50% of the base case, implying that processes like production
of solar glass and aluminium alloy will be further improved.

2035 SSP2-IMAGE
• Solar Grade: For the solar grade silicon production process, the reduced emissions are seen
because the reduction in electricity is anticipated due to a cleaner electricity mix in 2035, and
the MG-Si production sees nearly 35% less GHG emissions, indicating improved raw material
extraction and manufacturing processes in this SSP scenario.

• Czochralski Process andwafering: Both categories experience approximately a 45% decrease
in emissions compared to the values from 2024. The overall reduction in emissions can be at-
tributed to lower emissions from electricity usage, electronic grade silicon production, and silicon
carbide production. Combined, these two categories contribute nearly 36% to the total emissions.

• Cell Production: Improved but remains a minor contributor.
• Module Production: Module production remains the major contributor to the overall emissions,
but sees almost 40% reduction from the base case. Similar to the other scenarios, the production
of aluminium alloy and solar glass have reduced emissions thereby bringing the emissions from
module production down.

Summary of Observations
• Czochralski Process: Significant reduction across all scenarios, particularly in SSP2-Remind
due to enhanced energy efficiency and renewable energy use.

• Module Production: While reductions are observed, it remains the largest contributor due to its
inherent energy and material intensity.

• Solar Grade Silicon: Consistent reduction in emissions due to advancements in material pro-
cessing technologies.

• Cell Production andwafering: Minor improvements are noted, reflecting general advancements
in manufacturing efficiencies.

It is important to note here, the processes involved do not change. For example, the process such as
Siemens process, Czochralski process etc., do not change in any of the scenarios. It is anticipated by
the models that until 2035 at least, industries are not going to switch to processes like Fluidized Bed
reactors (instead of Siemens process), even though they might consume less energy.

Inference
The contribution analysis graph clearly illustrate that the major reductions in global warming potential
are primarily driven by improvements in energy efficiency and a shift towards renewable energy sources,
particularly in the Czochralski Process and Module Production stages. These advancements are more
pronounced in the SSP2-REMIND scenario, showcasing the impact of stringent climate policies and
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technological innovations on the environmental footprint of SHJ PV systems.
In the prospective scenarios, the overall emissions have decreased by a considerable amount. This
reduction is mainly attributed to the fact that future scenarios will have a different energy mix, and thus
the emissions from different manufacturing steps will change.
The least CO2 emissions is achieved in the Remind Model of SSP2 scenario, followed by remind mod-
els’s SSP1 scenario. The pattern of contribution amongst these scenarios for the cell manufacturing
are still the same, where electricity usage make up the highest percentage of contribution, closely fol-
lowed by solar grade silicon production. The difference in the emissions value for the future scenarios
between the different IAM models are for the following reason: REMIND may predict a quicker im-
plementation of clean technologies and employ stronger mitigation approaches in contrast to IMAGE.
REMIND’s SSP2 scenario anticipates moderate advancements, whereas IMAGE’s SSP2 might predict
slower or less efficient policy implementations.

Comparison with other LCA results
The Climate Change impact category is among the most extensively studied, and as demonstrated in
the Literature Review chapter, various LCA results are available for this category. Nonetheless, few
studies have endeavored to estimate the future impacts of technologies. Consequently, the comparison
presented here is limited to the current scenario. The graph 5.3 below, represents the comparison
between this LCA studies’ result to that of two other LCAs conducted on SHJ. The first and most
notable study on SHJ solar cells within PV systems was conducted by A.Louwen in 2014 [59], reporting
a module efficiency of 18.4%. For the entire PV system, the results were documented at 35g CO2-
Eq/kWh, encompassing modules, BoS, and cell manufacturing. This study also provided results for
the cell manufacturing process alone (67 g CO2-Eq/Wp); however, due to the functional unit being
Watt peaks in this instance, direct comparison is not feasible for the cell manufacturing process alone.
With regard to the entire photovoltaic system, the results of this study indicate a substantial reduction in
impacts compared to A. Louwen’s findings. This implies that enhancedmodule efficiency plays a critical
role in mitigating climate change impacts over the system’s lifetime. Even though the solar irradiation
taken in this study is significantly lower (1000kWh/yr compared to 1700kWh/yr in A. Louwen’s work),
the GHG emissions have reduced by over 12 grams because of the better efficiency, advancement in
technology and the change of electricity usage to the Dutch electricity mix.

The next LCA study used here for comparison is from the LCA conducted by Barrou at CSEM in 2022
[58]. the GWP emissions reported in here was 34.9 g CO2-Eq/kWh, which is still significantly higher
than the results of this study (22.04 g CO2-Eq/kWh). The main parameter difference are from the
efficiency, wafer thickness and the lifetime taken for the PV system. Solar irradation used in this case
in 1391 kWh/yr.
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Figure 5.3: Comparison of GWP between different SHJ based studies

As for the other GHG emissions reported in the Literature Review section, the results reported for PERC
modules are 12.5 g CO2-Eq/kWh in the work done by S. Kommers [57]. Since this study reports the
emissions of about 9.8 g CO2-Eq/kWh for SHJ modules, it can be concluded that SHJ has the potential
to substitute the PERC global market, which has been very high in recent years. Similarly the results
for SHJ PV system at 22.04 g CO2-Eq/kWh is still lower than the PERC LCA results in the IEA PVPS
report [56] (25.7 g CO2-Eq/kWh).

Another interesting study in [71], shows that the GHG emissions for PERC based PV system to be
14.5 g CO2-Eq/kWh. However, this is for a large scale PV utility which is different from the rooftop PV
system, employed in this study.
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5.2.2. Ecotoxicity: Freshwater and Marine

Figure 5.4: Ecotoxicity Potential for freshwater and Marine (with BoS)

Investigating the ecotoxicity potential of freshwater and marine is vital in life cycle assessment (LCA),
as it helps to assess the potential negative impacts of pollutants on aquatic ecosystems, which are
crucial to the protection of biodiversity and ecological equilibrium. Contaminants can disturb aquatic or-
ganisms, accumulate within them, and make their way into the human diet, presenting health dangers.
Furthermore, polluted water can contaminate drinking water sources and agricultural lands through irri-
gation. Therefore, understanding these effects is fundamental for the protection of ecosystem, ensuring
food security, and protecting human health.

The graph 5.4 above shows the results of the impact assessment for freshwater excotoxicity andmarine
ecotoxicity for the SHJ based PV system for the base scenario of 2024 and the three chosen prospective
scenarios together. In both impact categories, the overall impacts have decreased significantly in the
prospective scenarios of the 2024 case, and all future cases show almost the same impact. Upon further
investigation of the results it was realises that in both these impact categories, inverters constitute of
a very high percentage value (almost 85% in the all the scenarios), which is out of scope for this study.
But in order to examine how a change in production process of cell and module production may have
impacted these impact categories, an assessment specific to cells and modules (that is excluding the
BoS) has been carried out, the results for which are presented in the graph 5.5 below.
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Figure 5.5: Ecotoxicity Potential for freshwater and Marine (without BoS)

It is evident from the impact assessment of the PV system without the BoS, that a similar trend is
followed as that of with the BoS. All the results of future scenarios have decreased in the future sce-
narios compared to the base case, and the impacts are also almost similar for all the prospective cases.

• 2024
The major contribution in the 2024 case comes from the copper production process. Of the total
impact, almost 25% constitutes the copper mining operation (in which 15% comes from sulfidic
acid treatment), used for the extraction and electrowinning process of copper used in the modules.
This percentage contribution is almost consistent for both freshwater and marine ecotoxicity. The
next major contributor for both these contributions is the metalization paste production process at
approximately 10% of the total impact, to which the silver refining process contributes for about
5%. This implies that for both freshwater and marine ecotoxicity, the metal extraction and refining
process dominate the impact assessment results.

• Prospective scenarios
In the 2035 SSP 2 Image and Remind scenarios the impact is observed to be slightly less than
that of the 2035 SSP 1 Remind model. This is consistent for both the Freshwater and Marine
ecotoxicity. This difference is due to the fact that the two main contributors, similar to the 2024
case, namely the extraction and refining processes of copper and silver paste, show a marginally
lower contribution in the 2035 SSP2 Image and Remind models. Specifically, the percentage
contributions for these processes are approximately 24% and 3% for copper and silver paste,
respectively, while in the 2035 Remind SSP1 model, these contributions are around 24.5% and
4% of the overall impact. This slightly reduced impacts for the two SSP2 scenarios make the
small difference in the impact results as seen in the graph.
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5.2.3. Land Use

Figure 5.6: Land use imapct category assessment (with BoS)

The ’Land Use’ impact category is critical to examine in this LCA because the contribution from cell and
module production processes is significantly greater than from the balance of system in all scenarios
considered, as can be seen in the graph 5.6. This category encompasses not only the amount of land
utilized for a particular technology or process, but also the manner in which the land is used. Hence, it
covers two main aspects: the amount of land occupied for a certain duration for product manufacturing
and the extent of land transformation necessary to render the land suitable for this production. Conse-
quently, the impact value presented here accumulates both aspects to represent the overall effect on
the soil quality over time.

The land impact from the manufacturing stages of cells and modules accounts for roughly 65% in 2024,
equating to 0.00105m2*a crop-Eq/kWh. Notably, the cell manufacturing process itself contributes only
10% of this amount, suggesting that the manufacturing components for the modules are responsible for
90% (0.000941 m2*a crop-Eq/kWh) of the total impact. Analyzing these high percentage contributions
reveals that the production of flat pallets, mainly used for handling, transportation, and storage of the
modules, is the predominant contributor to the land use impact, making up approximately 77% of this
value. Softwoods such as spruce and pine, which are readily available, cost-effective, lightweight, and
easier to work with than hardwoods, are predominantly used for pallet production. Despite being part
of sustainable forest management which aims to mitigate environmental effects, the pallet production
process still involves activities like planting and harvesting that can significantly affect soil quality over
time, altering land structure and consequently increasing the impact in the land use category. Addition-
ally, large areas of land need to be converted into forestry land for growing trees used for softwoods.
All these factors collectively lead to the high land use impact under the module production step, thereby
amplifying the impact in this category for the entire PV system over its lifespan.
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The graph indicates that the land use impact contribution from the cell andmodule production processes
is nearly identical across all three prospective scenarios, decreasing from 0.000941 m2*a crop-Eq/kWh
in 2024 to approximately 0.0007 m2*a crop-Eq/kWh in each scenario. Additionally, the impacts from the
steps within cell andmodule manufacturing have diminished almost equally in all scenarios, maintaining
a similar percentage contribution ( around 70%) for each process to the total impact. This phenomenon
can be explained by the consistent application of sustainable land use practices in all pLCA scenarios.
For example, improvements and advancements in forestry management and agricultural techniques
can enhance yield per area. Likewise, better raw material utilization is achievable due to technological
advancements in wood processing methods, such as more efficient saw milling processes. When the
raw material, in this case, wood, is used more efficiently due to increased process efficiency, it leads
to a reduction in waste and, consequently, a decrease in overall impacts.

However, since the contribution of cell and module manufacturing continue to contribute to more than
65% of the overall impacts, there is a wide range of scope available for improvement in this category.

An important point to note here is that the flat pallets (that are made of softwood) that has the highest
contribution in this impact category is assumed not be reused. However, in reality, these are resuable,
and thus the impacts will be reduced depending upon the number of times each one of such flat pallets
are reused over the course of their lifetime before getting discarded. Such resuability has not been
accounted in this study because it is not possible to quantify the number of times the product is being
reused and therefore it is assumed that it is used only once and then discarded.

5.3. Sensitivity Analysis
Performing a sensitivity analysis is essential for evaluating the robustness and dependability of re-
sults within the scope of silicon heterojunction (SHJ) solar modules. This form of analysis enables
researchers and stakeholders to grasp how variations in input variables or assumptions influence sig-
nificant outputs, such as the environmental impacts of SHJ technology.
Considering the intricate nature and interconnected stages involved in the lifecycle of solar modules—
from the extraction of raw materials and the manufacturing process to installation, operation, and even-
tual disposal—a sensitivity analysis proves to be crucial in pinpointing key factors that impact these
outcomes. This understanding is essential for streamlining processes, enhancing sustainability, and
making strategic decisions throughout the entire lifecycle of SHJ solar modules.

In the context of SHJ solar modules, performing sensitivity analysis is especially relevant due to their
sophisticated technological makeup and production demands. Factors such as energy usage during
manufacturing, improvements in module efficiency over time, and changes in material supply chains
can greatly influence the environmental impact and economic sustainability of SHJ technology. By me-
thodically altering these factors and examining their effects on metrics like energy payback time, carbon
emissions, and material consumption, sensitivity analysis helps stakeholders identify opportunities for
enhancement and innovation. This iterative process ultimately equips decision-makers in the solar sec-
tor to make informed choices that boost sustainability, reduce environmental impact, and improve the
market position of SHJ solar modules within the renewable energy industry.

5.3.1. Sensitivity Analysis
In the previous sections, the results present are set based on certain fixed parameters. For the current
and more improtantly for the future scenarios, it is important to quantify and analyze the behavior of the
impact assessment based on sensitivity analysis. Therefore in the next sections, a sensitivity analysis
will be presented to get better understanding of the effect of change of parameters in the overall results.

Performance Ratio
Until now, all the electricity production was calculated based on the performance ratio of 0.75. However,
this is a very safe assumption, and generally it can be expected to be as high as 0.85 as well. The
Photovoltaics Report, ISE [11] reported a typical PR of 0.83 in 2024. Therefore, in this section the
sensitivity analysis with performance ratio of 0.85 is presented for all the 4 scenarios. All the other
parameters are kept same as before in order to get a clear interpretation of the affect of performance
ratio on the whole system.
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Figure 5.7: Impact of change in PR on Climate Change

Figure 5.8: Impact of change in PR on Freshwater Ecotoxicity
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Figure 5.9: Impact of change in PR on Marine Ecotoxicity

Figure 5.10: Impact of change in PR on Land Use

The results of the sensitivity analysis, as represented in the figures 5.7,5.8, 5.9 and 5.10, clearly demon-
strate the impact of improving the performance ratio of silicon heterojunction (SHJ) solar cells from 0.75
to 0.85. Across various environmental impact categories—Climate Change, Freshwater & Marine Eco-
toxicity and Land Use impacts—the shift to a higher performance ratio consistently leads to reduced
environmental impacts.

Climate Impact: Increasing the performance ratio from 0.75 to 0.85 decreases the climate impact
associated with SHJ solar cell production. For instance, original values range from 22.04 to 8.75 g
CO2-Eq/kWh across the 4 scenarios, while new values range from 19.4 to 7.7 g CO2-Eq/kWh, indicating
lower carbon emissions due to increased energy efficiency.

Freshwater Ecotoxicity: Similarly, freshwater ecotoxicity shows reductions in all scenarios. Original
values range from 13.59 to 9.213 g 1.4-DCB-Eq/kWh, and new values range from 11.906 to 8.129 g
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1.4-DCB-Eq/kWh across the 4 scenarios, reflecting improved water quality outcomes with enhanced
solar cell performance.

Marine Ecotoxicity: The impact onmarine ecosystems also decreases with a higher performance ratio.
Original values range from 17.47 to 11.84 g 1.4-DCB-Eq/kWh, and new values range from 11.996 to
8.129 g 1.4-DCB-Eq/kWh across the 4 scenarios, indicating less harm to marine life due to reduced
pollution from production processes.

Land Use: Land Use impact category also sees reductions as well, with original values from 1.62 to
1.053 m2*a crop Eq/kWh across the 4 scenarios, and new values from 1.43 to 0.92 m2*a crop Eq/kWh.

The sensitivity analysis highlights the significant impact of technological advancements in reducing the
environmental burdens associated with SHJ solar cell manufacturing. By improving the performance
ratio from 0.75 to 0.85, a noticeable reduction in carbon emissions, pollution, and land use is observed
across multiple environmental indicators. This clearly indicates that even without the improvement in
the cell structure, or any of the component for that instance, the overall impacts can be significantly
reduced by improving the process efficiencies, and thereby generating a larger amount of electricity.
These results emphasize the necessity for ongoing innovation in solar technology to reach sustainability
objectives and lessen the environmental footprint of renewable energy solutions.

Single-Si wafer production
The production process for silicon wafers relies significantly on background data from the Ecoinvent
database, which includes comprehensive inputs and process parameters. However, it is important to
note that this database was initially created based on data collected in 2005 and last updated in 2011.
Since then, the datasets have been periodically reviewed but not significantly updated.

Given technological advancements and the optimization of manufacturing processes in the past decade,
it is reasonable to assume that silicon wafer production has become more efficient. To account for
these advancements and to understand their potential impact on this Life Cycle Assessment (LCA),
a sensitivity analysis will be conducted. This analysis will simulate reductions in energy and material
use for silicon wafer production to reflect possible improvements. It includes all the process steps from
raw material (like silica) extraction for the wafer, electricity usage, solar grade silicon, Cz-Si growth and
finally the wafering process to obtain the single-Si wafer, to be used in the SHJ cell.

The sensitivity analysis will be performed in three stages, with hypothetical reduction in the usage
and consumption by 20%, 30%and finally 70%. The 70% reduction scenario is particularly significant,
reflecting the nearly 75% reduction in silicon consumption as observed from 2011 to 2023 [11]. These
stages will help explore how the environmental impacts might vary under current (2024) conditions if the
production processes have indeed advanced. This approach provides a more nuanced understanding
of the potential range of impacts in the absence of updated and accurate datasets.

The results of the sensitivity analysis for the climate change impact category are shown in the figure 5.11
below. It depicts the impact of the three levels of reductions in wafer production inputs on the Global
Warming Potential (GWP) for overall PV system. The four scenarios analyzed include the original SHJ
production values, followed by reductions of 20%, 30%, and 70%.

• Original SHJ Production:

– The GWP for the original SHJ production process, as shown in the previous sections is at
approximately 22.04 g CO2-eq/kWh. This represents the scenario incorporating the data
available from the ecoinvent database for wafer production. In this case, the cell manufac-
turing accounts for 20%, in which 18% emissions come from the steps until the production
of wafer.

• 20% Reduction:

– Implementing a 20% reduction in the wafer production inputs results in a only a small de-
crease in GWP to around 21.3 g CO2-eq/kWh. This reduction reflects moderate technolog-
ical advancements and process optimizations in the wafer manufacturing process. specifi-
cally for the cell manufacturing step, the overall contribution reduced from 20% in the base-
line scenario to 17% in this case.
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Figure 5.11: Sensitivity analysis based on complete single-Si wafer production process (from raw material to final wafer)

• 30% Reduction:

– Further reducing the wafer production data to 30% of the original value shows a decrease
of the GWP to approximately 20.9 g CO2-eq/kWh. The overall emissions from the cell ac-
counted for 16% of the overall emissions in this case.

• 70% Reduction:

– The most drastic reduction of 70% in wafer production inputs leads to the overall emissions
to be reduced to around 19.3 g CO2-eq/kWh. This scenario shows an optimistic view of the
advancements in wafer production technology. The overall emissions from themanufactured
cell accounted fro 15% of the overall, depicting that the technological advancements can and
may have had significant impact on the overall PV System.

It is important to note that these percentage reduction values are only an assumption to estimate the
changes in the results, and incorporate the technological developments that might otherwise would
have gone unnoticed.

5.4. Discussions
In the previous section, the results for the impact assessment have been discussed. In this section,
the implication of these results will be discussed, with some possible reasons for the same.

One assumption in this study is that the cell manufacturing has to take place in the Netherlands itself.
For this reason the electricity mix used in all the 4 scenarios, that is the base scenario of 2024 and the
3 prospective scenarios all have been made to use the dutch electricity mix. Therefore, for the steps
involved in the manufacturing processes have not been accounted for any transportation. If the cell
manufacturing is done in any other part of the world, and then installation takes place in the Netherlands,
then the transportation for it has to be added in the model (incorporating the ’Market for’ data from the
ecoinvent database), which may increase the impacts from each impact category.

As for the module and BoS, most of the inventory, whose data has been used from ecoinvent database,
had two options, one for only the production, and the other called ’Market For’ data. The latter includes
the average transport of the particular inventory component from the production site to the country
where the PV system has to be installed, which in this study is the Netherlands. Therefore, wherever
possible, this ’Market for’ data has been used.

By looking at the results, it is evident that the by the improvement of module efficiency from 22.18%
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in 2024 to 24.4% in 2035, the results for each impact category have reduced. This, therefore, implies
that along with background changes (like the change in the learning curve for electricity mix over time),
foreground changes are also important for making this PV system further environment friendly. Since
the reduction in impacts is consistent for all the impact categories, the improvement and advancement
in technology can be considered to have an important and crucial role in mitigating the negative impacts
on the environment.

Moreover, both the IMAGE and REMIND models have exhibited reduced impacts from the usage of
electricity. As inferred from [54], in the year 2035, Image model shows to have about 42% contribution
in the electricity mix from the renewables. This contribution for Remind model is even higher at about
78%. For the Image model, the electricity CCS also accounts for almost 30% of the overall electricity.
This implies that in both the models, the major electricity will be generated from the renewable sources
and thus help in justifying the reduction of impacts.

Inverters have been seen to have higher impacts than the cell and module manufacturing process in
all the impact categories (expect for the land use category). While examining only the module and
cell manufacturing, it was seen that cell manufacturing again had smaller contribution to impacts than
the module components. These findings indicate that the production process of Silicon Heterojunction
solar cells do not have major contributions to the overall PV system. Thus, even if the cell structure is
not improved further to improve the efficiency beyond 26.5%, and the cell structure is kept as simple
as the one used in this study for the future scenarios as well, the SHJ cell production can be adopted
at global market scale.

As for the impact categories, the following observations and inferences can be made:-

• Climate Change:
The analysis indicated that improvements in cell and module efficiency along with reduction in
wafer thickness, the performance of the PV system significantly improves, lowering the global
warming potential (GWP). Future scenarios forecasted a notable decrease in GWP due to in-
creased efficiency and a shift towards renewable energy sources. This is in line with the objec-
tives of international climate treaties, like the Paris Climate Agreement suggesting that following
these protocols can effectively reduce the climate impact.

• Ecotoxicity: The impact of cell and module production on ecotoxicity was relatively small in
comparison to other components, such as inverters. Nevertheless, an examination of particular
manufacturing procedures showed that certain steps, like the creation of metalization pastes and
the application of copper, notably contribute to ecotoxicity. This implies that using less detrimental
materials or improving manufacturing methods could further decrease the ecotoxicity effect.

• Land Use: Land use effects were mainly linked to the module production stage, especially the
utilization of flat pallets for the transport and storage of modules. This highlights the necessity
to take into account not only the core manufacturing processes but also the auxiliary elements
that add to the total environmental impact. Adopting more eco-friendly approaches in material
procurement and waste management within these aspects could greatly reduce the land use
effect. One such possibility that is being already employed is the resuse of the flat pallets, which
has not been included in this study due to the lack of availability of this reuse data.

A noteworthy finding, particularly in the realm of climate change impacts, was that the SSP2 RE-
MIND model exhibited the least impacts among the anticipated scenarios. Nevertheless, based
on the descriptions of SSP1 and SSP2, it was discerned that SSP1 follows the ’green road,’ signi-
fying the most sustainable trajectory. On the other hand, SSP2 adopts the ’Middle Road’ strategy,
which implies sustainable development guided by historical progress and lessons learned.

The variation in the outcome relative to its definition arises from the use of a learning curve across
all SSP and IAM scenarios. As illustrated in the figures 5.12,5.13 and 5.14 below, the learning
curve indicates that the SSP2 REMIND model records the lowest Global Mean Surface Temper-
ature for the year 2035. Although this is only a minor difference of approximately 0.01 and 0.06
degree Celsius compared to the SSP1 Remind model and SSP2 Image respectively, the result-
ing impacts had a difference in outcomes. This suggests that in 2035, transitioning to greener
energy by following SSP2-Remind scenario would be marginally more advantageous than other
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scenarios, leading to a reduction in impact results.

Figure 5.12: GMST 2035-SSP1 Remind Model [70]
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Figure 5.13: GMST 2035-SSP2 Image Model[70]

Figure 5.14: GMST 2035-SSP2 Remind Model [70]



6
Conclusion

In this study an LCA was performed on a PV system consisting of silicon heterojunction solar cells
and modules based on the production in the Netherlands. The goal of this study was to analyze the
environmental impacts of such a PV system over the course of its lifetime. The system was then
adjusted to a future timeline of the year 2035, by making the background and foreground changes using
various IAM and SSP model combinations and future trends, to get the impacts of this PV system for
the year 2035. For this study, the chosen functional unit was 1kWh of electricity produced, and the
system boundary consisted of cradle-to-grave, without the end-of-life processes.

6.1. Key Findings
Following are some of the key findings from the study that help to answer the research questions ad-
dressed:

1. Which impact categoriesmake themost significant contribution to the overall environmen-
tal impact assessment?

2. Which activities in the cell and module manufacturing process have the highest contribu-
tion in different impact categories?

3. In what ways do the various IAM and SSP scenarios differ in terms of their environmental
impacts for the year 2035?

• Amongst the 18 impact categories possible to be evaluated the results of Climate Change, Eco-
toxicity (freshwater and marine) and Land Use were most notable.

• All the impact categories consistently show the domination of impacts from inverters, which ac-
counted for more than 55% in all the categories, barring ’Land Use; impact category.

• Climate Change

– In the 2024 base scenario, the GWP impact was 22.04 g CO2 Eq/kWh, in which almost 58%
contribution came from inverters and mounting structures. The cell and module manufactur-
ing contributed to only about 42% of the emissions.

– Themajor impacts accounted in the cell manufacturing, came from solar grade silicon, Czochral-
ski process and wafering.

– For the prospective scenarios, the least emission was seen in the 2035 SSP2-Remind sce-
nario, where the overall emissions decreased to 6.9 g CO2-Eq/kWh, followed by 2035 SSP1-
Remind (8.75 g CO2 Eq/kWh) and 2035 SSP2-Image (12.71 g CO2 Eq/kWh).

59
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– The reduction in emissions is majorly attributed to the improvement in the efficiency and a
shift towards renewable energy technology for the rawmaterial extraction andmanufacturing
processes together. The implementation of Paris Climate Agreement in the pLCA scenarios
also plays a major role in this reduction. This inference is based on the fact that the electricity
usage for different purposes have consistently shown decrement in emissions.

• Ecotoxicity

– Freshwater ecotoxicity was initially recorded at 13.59 g 1.4-DCB Eq/kWh and Marine eco-
toxicity measured at 17.47 g 1.4-DCB Eq/kWh.

– A significant contribution of over 55% in both categories came from the inverters and bal-
ance of system components, which involve materials and processes that have high ecotoxic
impacts.

– In cell and module manufacturing, silver paste production was one of the major contributors
to both freshwater and marine ecotoxicity. The extraction and processing of copper, utilized
extensively in electrical conductors, significantly contributed to ecotoxicity due to the release
of toxic substances into water bodies.

– The 2035 SSP2-Remind scenario showed the greatest reductions, with freshwater ecotox-
icity decreasing to 8.129 g 1.4-DCB Eq/kWh and marine ecotoxicity to 8.129 g 1.4-DCB
Eq/kWh as well.

– Similar reductions were observed in the SSP1-Remind and SSP2-Image scenarios, demon-
strating effective mitigation strategies across all prospective scenarios.

• Land Use

– The primary contributors to land use impacts were the manufacturing phases of cells and
modules, which were responsible for approximately 65% of the overall effects, equivalent to
0.00105 m²*a crop-Eq.

– The cell manufacturing phase was responsible for just 10% of this, suggesting that the ma-
jority of the impact was due to the module components, notably the fabrication of flat pallets
utilized for handling, transporting, and storing.

– The creation of flat pallets, primarily from softwoods such as spruce and pine, was the leading
cause, contributing roughly 77% to the land use impacts. This significant portion highlights
the substantial land utilization for forestry, essential for pallet manufacturing, which entails
notable land conversion and can impact soil quality over an extended period.

– In all three future scenarios projected for the year 2035, the land use impacts associated
with the production of cells and modules decreased to around 0.0007 m²*a crop-Eq.

– This decline remained steady, with these processes consistently accounting for approxi-
mately 70% of the contribution in each scenario.

– The decrease in land use effects in future scenarios is due to the adoption of sustainable
forest management, enhanced farming methods, and progress in wood processing technolo-
gies. These advancements have increased raw material efficiency, resulting in less waste
and lower overall impacts.

4. How does changing certain parameters affect the overall impact assessment, for both
current and future LCA scenarios?

• The sensitivity analysis based on the performance ratio showed that as the performance ratio of
the PV system is increase from 0.75 to 0.85, the overall amount for electricity generated increases
and eventually the impacts reduce. This indicates that even without improving the cell strcuture
and efficiency, if the processes involved are efficient enough, then the overall emissions can be
significantly reduced.

• The sensitivity analysis for wafer production data was conducted only on the climate change
impact category. In this case all the inventory data from raw material extraction process to the
final wafering process was decreased by 20%, 30% and 70%. The reason behind this is that
the ecoinvent database used for the single silicon wafer is from the year 2014. Since there is
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a lack of accurate data for 2024, this sensitivity analysis provides the changes in the results
considering the fact that over the time of one decade, the involved process must have become
efficient. The results show that as these processes become more and more efficient, thereby
using lesser amount of materials, the emissions keep on decreasing.

6.2. Implications
• Environmental Benefits: The results of this study show that employing photovoltaic (PV) sys-
tems made up of Silicon Heterojunction (SHJ) solar cells and modules offers significant environ-
mental advantages.

• Comparative Impact: Upon analyzing the cells and their production method, it becomes clear
that the environmental impacts are substantially less than most those of other PV technologies
and earlier SHJ research. In the analyzed PV system, inverters had the highest impact in almost
all the impact categories. Within the cell and module manufacturing, the production of single
silicon wafer, from raw material extraction to final wafer, came up as one of the process with
higher impact in climate change impact category. Similarly, the production of flat pallets, which
uses softwood, had higher impacts in land use category, and the extraction and mining process of
silver and copper (used in both cell and module) had higher impacts in the ecotoxicity (freshwater
and marine) category.

• Efficiency Metrics: Currently, the technology demonstrates excellent performance with a cell
efficiency of 24.18% and is expected to improve to 26.5% in the future, which solidifies its position
as a viable global option and particularly in the Netherlands.

• Scenario Analysis: Among the various scenarios, the SSP2 REMIND scenario stands out as the
most eco-friendly. This is especially evident in projections for the year 2035, where this scenario
excels in minimizing environmental impacts. It should be noted that these findings could differ
if the evaluation year is altered. Nonetheless, according to the present analysis for the year
2035, the SSP2 REMIND scenario emerges as the most advantageous in terms of environmental
impact.

• Importance of parameters: The sensitivity analysis that was conducted demostrated the impor-
tance of parameters and their value being used in the study. In the initial study, the performance
ratio was taken as 0.75 which is very conservative. Therefore a sensitivity analysis with perfor-
mance ratio of 0.85 was conducted and it the results showed that as the overall system becomes
more efficient, and as the energy losses are lowered, the overall generated electricity increases,
thereby decreasing the negative environmental impacts. Similar conclusion can be made from
the sensitivity analysis where the wafering process has been considered to be 20%,30% and
70% more efficient respectively. In this case as the % increases, the amount of material and
energy consumption has been assumed to be reduced linearly. It also showed the decrease in
the impacts accordingly.

• Policy and Decision-making: The results and conclusion drawn from this thesis work has a
great potential to significantly impact policy-making and strategic decisions related to PV system
consisting of SHJ solar cells. The detailed information on the environmental impacts of SHJ solar
cells can help the policymakers and industry leaders to more accurately evaluate the sustainability
of this technology relative to others. This will be essential for creating regulations, incentives,
and policies that support the widespread use of SHJ solar cells while addressing environmental
concerns.

• Guiding Industry Practices: The environmental impact information detailed in this thesis can
also provides a beneficial resource for industry stakeholders working to elevate their procedures.
Companies that manufacture SHJ solar cells can leverage these findings to enhance their pro-
cesses, minimize environmental adverse effects, and boost the market appeal for SHJ cells.

6.3. Future Work and Outlook
This study entails the detailed environmental impacts of a PV system with SHJ solar cells for the year
2024 and 2035. It was concluded in the previous section that SHJ, with the simple structure chosen for
evaluation, is still environment friendly. The following work can be conducted in the future to take this
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study forward:

• Silver, being one of the scarce and costly material, can be susbtituted by copper for the metal-
lization contacts. even though, the impacts from silver were not recorded to be very high, this
sustitution can eventually make the overall system cheaper, thus making the large scale imple-
mentation of such PV system more acceptable.

• For the prospective scenarios, only the IMAGE and REMIND models were used. In future, a
new IAM model can be designed to specifically study SHJ cells. This can be made possible
by integrating the predictions from various IAM models, and altering the learning curves by well
planned assumptions to get more accurate results. This way, a new path can be designed to be
opted for this PV system.

• In this study, a very simple structure was evaluated. In principle, SHJ are also used as bottom
tandem cells. Evaluating the environmental impacts of such SHJ based tandem cells can be
crucial.

• More importantly, since it was seen that SHJ already present high efficiencies, in order to make
them globally wide spread, it will be important to study and improve the environmental impacts of
the inverters which exhibited very high overall impacts.

• As for the sensitivity analysis, in this work two of the parameters were chosen to obtain the results.
One more approach that can be adopted in future is that of GSA (Global Sensitivity Analysis). By
the thelp of this, other important paramters can also be obtained.
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A
Invertory Details

A.1. Inventory Data Calculations
In this section, the calculations adopted to obtain the inventory data for Silane are shown.

Following the assumption in 4.2.1, the value used by A. Louwen in [59] was 1.62g/m2. This was for a
cell area of 156mm×156mm and a thickness of 180µm. In the current study, the cell area is 182,mm×
182mmand thickness 120µm. Since the value used is per m2, area scaling is not required, but a scaling
for the thickness has been performed:

Amount of Silane (g/m2) = 1.62

180
× 120 = 1.08g/m2.

This value is then converted to kg/m2 by dividing by 1000, to get 0.00108 kg/m2. Similar scaling calcu-
lations are performed for other chemicals as well.

Towards the end of this study, an LCA was again performed to check how the results would change if
this scaling according to the wafer is not performed, and is done according to the amorphous layers. For
this, the total amorphous layer thickness was 20nm in this study. This meant that the silane and other
chemicals consumption would decrease by a factor of 10 (approximately). (Since A. Louwen had used
amourphous layer of 300nm [59]). This was incorporated along with reduction in electricity by same
factor, and the results for current scenario for GWP potential were checked. It was seen that the overall
emissions did not change by a lot. In fact, for the module manufacturing, the original value was 9.8 g
CO2/kWh and the new value came to be about 9.75 g CO2/kWh, which is a very small difference and
will not make much impact. It was expected so as well. As discussed in the the contribution analysis of
results section, the contribution from any of the cell manufacturing steps are very low and thus, such
minor changes are not expected to make a significant impact on the results obtained.

This further validates the conclusion that SHJ cell manufacturing steps do not show high impacts for
environmental degradation, and thus are higly acceptable globally, if other process steps are made
more sustainable.
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A.2. Inverter inventory
Data used is for per m2, [64]

Table A.1: Detailed Data of 2.5 kW Inverter

Name Location Unit Amount

Inverter, 2.5 kW, average, at plant RER 1 unit 1

Inverter, 5 kW, average, at plant RER 1 unit 0

Inverter, 10 kW, average, at plant RER 1 unit 0

Inverter, 20 kW, average, at plant RER 1 unit 0

Electricity, medium voltage, production
ENTSO, at grid

ENTSO kWh 1.06E+1

Light fuel oil, burned in industrial fur-
nace 1MW, non-modulating

CH MJ 2.26E-1

Natural gas, burned in power plant DE MJ 3.57E+0

Heat, natural gas, at industrial furnace
>100kW

RER MJ 9.21E+0

Aluminium, production mix, cast alloy,
at plant

RER kg 4.77E+0

Aluminium alloy, AlMg3, at plant RER kg 2.12E-1

Copper, at regional storage RER kg 1.91E+0

Steel, low-alloyed, at plant RER kg 9.07E-1

Polypropylene, granulate, at plant RER kg 8.82E-1

Polycarbonate, at plant RER kg 2.02E-1

Cable, connector for computer, without
plugs, at plant

GLO m 1.31E-1

Inductor, ring core choke type, at plant GLO kg 8.71E-1

Inductor, miniature RF chip type, MRFI,
at plant

GLO kg 1.10E-3

Integrated circuit, IC, logic type, at plant GLO kg 6.61E-2

Integrated circuit, IC, memory type, at
plant

GLO kg 1.87E-3

Transistor, unspecified, at plant GLO kg 1.92E-2

Transistor, SMD type, surface mount-
ing, at plant

GLO kg 4.17E-2

Diode, glass-, SMD type, surface
mounting, at plant

GLO kg 2.01E-3

Light emitting diode, LED, at plant GLO kg 1.44E-5

Capacitor, film, through-hole mounting,
at plant

GLO kg 1.66E-1

Continued on next page
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Table A.1 continued from previous page

Name Location Unit Amount

Capacitor, electrolyte type, > 2cm
height, at plant

GLO kg 2.57E-1

Capacitor, electrolyte type, < 2cm
height, at plant

GLO kg 6.71E-3

Capacitor, SMD type, surface-
mounting, at plant

GLO kg 1.33E-2

Resistor, SMD type, surface mounting,
at plant

GLO kg 4.57E-3

Ferrite, at plant GLO kg 2.55E-5

Transformer, low voltage use, at plant GLO kg 4.01E-2

Plugs, inlet and outlet, for network ca-
ble, at plant

GLO unit 2.79E-1

Glass fibre reinforced plastic,
polyamide, injection molding, at
plant

RER kg 2.56E-2

Cable, ribbon cable, 20-pin, with plugs,
at plant

GLO kg 2.40E-4

Sheet rolling, steel RER kg 9.07E-1

Wire drawing, copper RER kg 1.91E+0

Section bar extrusion, aluminium RER kg 4.77E+0

Steel product manufacturing, average
metal working

RER kg 1.92E-2

Metal working factory RER unit 1.10E-8

Corrugated board, mixed fibre, single
wall, at plant

RER kg 6.60E-1

Folding boxboard, FBB, at plant RER kg 1.16E+0

Packaging film, LDPE, at plant RER kg 1.15E-2

Transport, light lorry, fleet average OCE tkm 6.76E-1

Transport, freight, rail OCE tkm 2.25E+0

Transport, transoceanic freight ship OCE tkm 2.03E+1

Tap water, at user RER kg 1.99E+1

Water, unspecified natural origin, DE - m3 3.78E-2

Treatment, sewage, unpolluted, to
wastewater treatment, class 3

CH m3 1.99E-2

Disposal, packaging cardboard, 19.6%
water, to municipal incineration

CH kg 1.82E+0

Disposal, polyethylene, 0.4% water, to
municipal incineration

CH kg 1.15E-2

Continued on next page
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Table A.1 continued from previous page

Name Location Unit Amount

Disposal, treatment of printed wiring
boards

GLO kg 1.22E+0

Disposal, municipal solid waste, 22.9%
water, to municipal incineration

CH kg 2.43E-1

Disposal, hazardous waste, 25%water,
to hazardous waste incineration

CH kg 1.28E-2

A.3. Inventory for mounting structure
Data used is for per m2, [64]

Table A.2: Mounting structure inventory

Product Location Unit Amount

Aluminium, wrought alloy GLO kilogram 2.25

Corrugated board box RER kilogram 0.114

Polyethylene, high density, granulate RER kilogram 0.0282

Polystyrene, high impact RER kilogram 0.00602

Polyurethane, flexible foam RER kilogram 0.0184

Synthetic rubber RER kilogram 1.24

Steel, low-alloyed GLO kilogram 0.2

Section bar extrusion, aluminium RER kilogram 2.25

Section bar rolling, steel RER kilogram 0.2

Transport, freight train RER ton kilometer 0.852

Transport, freight, light commercial ve-
hicle

Europe without
Switzerland

ton kilometer 0.375

Waste plaster-cardboard sandwich CH kilogram 0.114

Waste polyethylene/polypropylene
product

CH kilogram 1.29

Waste polystyrene isolation, flame-
retardant

CH kilogram 0.00602

Transport, freight, lorry 7.5-16 metric
ton, EURO6

RER ton kilometer 0.207



B
Electricity Production for pLCA

The figures below show the predicted electricity generation from various technologies for the 3 pLCA
scenarios, SSP1-Remind, SSP2-Remind and SSP2-Image:

Figure B.1: Electricity production by technology SSP2 Image Model [70]
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Figure B.2: Electricity production by technology SSP1 Remind Model [70]

Figure B.3: Electricity production by technology SSP2 Remind Model [70]

The next figures show a more closer look at the same distribution of the electricity for the year 2035
and the learning curves of the years before and after it.
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Figure B.4: Electricity production by technology SSP2 Image Model-2035 [70]
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Figure B.5: Electricity production by technology SSP1 Remind Model-2035 [70]

Figure B.6: Electricity production by technology SSP2 Remind Model-2035 [70]



C
Impact Assessment Results

C.1. Results for all the categories
The following table shows the results of complete BoS for all the impact categories, and for all the 4
scenarios.

Table C.1: Environmental Impact Data with Units

Database Unit SJH Pro-
duction

SSP2-
image

SSP2-
remind

ssp1–
remind

Climate change Kg CO2-eq 2.20E-02 1.3E-02 6.9E-03 8.8E-03

Terrestrial acidifica-
tion potential (TAP)

Kg SO2-eq 9.0E-05 4.6E-05 3.4E-05 3.7E-05

Freshwater eco-
toxicity potential
(FETP)

kg 1.4-DCB-eq 1.4E-02 9.2E-03 9.2E-03 9.2E-03

Marine ecotoxicity
potential (METP)

kg 1.4-DCB-eq 1.7E-02 1.2E-02 1.2E-02 1.2E-02

Terrestrial ecotoxic-
ity potential (TETP)

kg 1.4-DCB-eq 1.1E-01 8.7E-02 9.2E-02 9.2E-02

Fossil fuel potential
(FFP)

kg oil-eq 5.6E-03 2.8E-03 1.7E-03 2.1E-03

Freshwater eu-
trophication poten-
tial (FEP)

kg P-eq 2.5E-05 1.4E-05 1.3E-05 1.3E-05

Marine eutroph-
ication potential
(MEP)

kg N-eq 1.2E-06 6.6E-07 5.6E-07 5.8E-07

Human toxicity po-
tential (HTPc)

kg 1.4-DCB-eq 3.5E-03 2.3E-03 2.3E-03 2.3E-03

Human toxicity po-
tential (HTPnc)

kg 1.4-DCB-eq 1.7E-01 1.1E-01 1.1E-01 1.1E-01

Continued on next page
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Table C.1 – continued from previous page

Database Unit SJH Pro-
duction

SSP2-
image

SSP2-
remind

ssp1–
remind

Ionising radiation
potential (IRP)

kg Co-60-eq 2.4E-03 1.5E-03 9.3E-04 8.7E-04

Agricultural land oc-
cupation (LOP)

m2 crop− eq 1.6E-03 1.1E-03 1.0E-03 1.1E-03

Surplus ore poten-
tial (SOP)

kg Cu-eq 1.0E-03 7.1E-04 7.0E-04 7.1E-04

Ozone depletion
potential (ODPinfi-
nite)

kg CFC-11-eq 9.5E-09 4.5E-09 3.5E-09 3.8E-09

Particulate matter
formation potential
(PMFP)

kg PM2.5-eq 4.3E-05 1.7E-05 1.2E-05 1.3E-05

Photochemical oxi-
dant formation: hu-
man health (HOFP)

kg NOx-eq 6.8E-05 3.3E-05 2.5E-05 2.7E-05

Photochemical oxi-
dant formation: ter-
restrial ecosystems
(EOFP)

kg NOx-eq 7.1E-05 3.4E-05 2.7E-05 2.9E-05

Water consumption
potential (WCP)

m3 3.5E-04 2.4E-04 2.1E-04 2.2E-04

C.2. pLCA with new layer
In this section, the results for the prospective scenarios are discussed, with the addition of a SiOx layer.
For the addition of this layer, the inventory was updated for silane, diborane and hydrogen consumption.
Additionally, carbon dioxide was also required for this process but in a very small amount. Electricity
and water usage were kept the same as before.

The results for the climate change impact category was evaluated as shown in the table below:

Table C.2: Global Warming Potential with and without SiOx Coating

Scenario Without SiOx With SiOx Unit

SSP2-Image 0.012715 0.012850 Kg CO2-eq/kWh

SSP1-Remind 0.006906 0.006959 Kg CO2-eq/kWh

SSP2-Remind 0.008757 0.008764 Kg CO2-eq/kWh

Although, the inventory used here is based on assumptions for SiOx deposition, it can be seen that there
is an increase in impact by the implementation of SiOx layer, but it is so small that it does not make a
noticeable difference. Therefore, it can be concluded that even if such a layer is added to enhance the
overall cell performance, the environmental impacts of such a PV system would not increase by a lot.
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