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1 Introduction

The global demand for electricity rises every day as a consequence of constant and
rapid population growth and development. This growth has become a great challenge.
The dependence of non-renewable fossil fuels as an energy source is widely debated
since these sources are finite and also proven to damage the existing environment,
putting humans, fauna and flora at risk. The hazards caused by non-renewable sources
of energy, in addition to the new economic opportunities provided by the transition to

the clean-energy era, have driven many countries to target the reduction of their

harmful emissions .

Consequently, electricity generation from renewable sources has increased greatly in
recent years and photovoltaic (PV) technology is a frequent preference worldwide.
6RODU 39 ZDV WKH ZRWd® & aaditona(1ieLdd decemmissioning) power
generating capacity in 2017 . The annual market increased approximately 50% to at
least 75 gigawatts *equivalent to more than 31 thousand solar modules installed per

hour zraising the global total to at least 303 gigawatts in the same year .

The use of PV solar modules as a source of electricity is constantly studied and
improved. Silicon (Si) solar cells dominate the current market share because Si is
abundant, non-toxic, stable and has benefited from developments in the semiconductor
industry. This technology is proven, modules are robust, and the manufacturing costs
are low and falling. However, the search for new materials and designs is also being

carried out looking for cost and performance improvements.

Based on the Shockley-Queisser (S-Q) detailed-balance model, even with
improvements, the PV single-junction solar cell limiting energy conversion efficiency is

approximately 30% (depending on specific assumptions), for a band gap of 1.1 eV and



considering an AM 1.5 solar spectrum . The tandem technology is based in multiple
solar cells that are optimized for each part of the spectrum and either connected
electrically in series (two-terminal tandem) or kept electrically separate (four-terminal
tandem, if a two-cell stack), achieving higher efficiencies when compared with single
junction solar cells EI Therefore, tandem solar cells are expected to be of

increasing interest.

Tandem technology is not new E and has previously been efficaciously applied for
solar cells in several combinations as dye-sensitized solar cells / Si solar cells ,

organic solar cells / Si solar cells [9], 3-junction tandem amorphous silicon solar cells

, micromorph tandem solar cells and triple junction tandems using lll-V solar
cells [12], for example. A Si-based tandem solar cell uses a top cell with a higher

bandgap than Si. Thus, the top cell absorbs the higher energy photons and generates

a voltage that is approximately twice what Si can generate .

Thin-film materials have been developed, providing potentially low cost, flexible
geometries and using relatively small material quantities. Thin-film technologies have
led to three main options for PV modules: amorphous and microcrystalline Si films

P LFURPRUSKchalkbgedite compounds such as cadmium telluride (CdTe),
copper indium diselenide or disulphide (CIS), copper indium gallium diselenide (CIGS);
and, more recently, perovskite solar cells. The possibility of a high band gap makes

thin-film technologies attractive for using them on top of a Si base cell in tandem solar

cells .

It is believed by some that a possible path for implementation of tandem solar cells on
an industrial scale would be using perovskite and c-Si . Some experiments have
been made combining these two materials in a tandem structure . In a two-
junction tandem solar cell, the higher bandgap cell (e.g., 1.5eV for methylammonium

lead triiodide perovskite (CHsNHsPbls) perovskite) is placed such that it absorbs higher
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energy photons first, followed by a lower bandgap cell (e.g., 1.1eV for a Si cell) for the
lower energy part of the spectrum . Various demonstrations of two-terminal

perovskite-Si tandems, which involve the fabrication of a perovskite solar cell directly

on a Si solar cell, have been reported [20-22].

The CIGS technology can also achieve high band gaps and be a good possibility for Si-
based tandem solar cells. It has a chalcopyrite crystal structure which allows its band
gap to be tuned between 1.0 and 2.4 eV by varying the In/Ga and Se/S ratios . A
SUREOHP ZLWK &,*6 LV WKH UHODWLYH V.Lﬁéiseat(kheRsi
are showing that copper zinc tin sulfide (CZTS) is the most promising alternative to

CIGS . Development of tandem structures using CZTS on Si cells started with

demonstrating CZTS epitaxy on Si, which has already been confirmed [25-27].

However, CZTS has lower efficiency than CIGS . Recently, new alternatives have
been proposed where either Zn or Cu is replaced by other elements in order to
generate higher band gaps [29]. One example is Ag,ZnSnS, (AZTS), wherein Ag
replaces Cu . The AZTS solar cells can achieve a direct band gap of 2.0 eV ,

making AZTS/Si tandem solar cells a promising future technology.

Considering the bottom cell as Si, there are also a few enhancements that can be
made to achieve even higher efficiencies for tandem solar cells. Especially for
crystalline Si (c-Si) wafer solar cells, there are many variations in the existing
production processes that are intended to improve module performance . The
screen-printed aluminium back surface field (Al-BSF) sequence is the current
industry standard process but, in particular, the passivated emitter and rear cell
(PERC) technology is gaining significant share of the world market, and it will

probably mostly replace Al-BSF technology in the future [32].

In recent years cost reduction has been a huge focus for the PV industry . One

possibility to reduce the overall costs of PV modules is the use of low-cost Si
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feedstock, such as upgraded metallurgical Si (UMG-Si) , which produces lower
quality wafers than Si made by the usual Siemens process but requires less energy
and less financial investment . Additionally, the higher potential efficiency for
tandems is particularly significant regarding costs because the cost to install solar
modules zconsidering the installation, support frames, cabling, etc. depends strongly

on the number of modules installed which, in turn, is dependent on the module

efficiency .

Complementary to the development of PV technologies, there should be environmental
analyses of these new processes. Life cycle assessment (LCA) is a methodology that
assesses the environmental impacts through the inputs and outputs associated with all
the stages of a product's life cycle, considering raw material extraction, materials
processing, manufacture, distribution, use, repair and maintenance, and end of life .
The LCA method has the benefit of involving different disciplines and a broad variety of

techniques.

Although the environmental impacts of PV solar modules are not yet totally determined,
there has already been some research carried out on this subject. These LCA studies
evaluate potential environmental impacts associated with the raw materials, production
processes, use phase and disposal of solar cells and modules during their assumed
lifetimes, considering several assumptions, depending on the technology and

production method. The depth of detail of an LCA study varies with each study and

depends on the goal and scope definition .

A significant quantity of high-quality inventory data is necessary to build a model as
close as possible to reality to perform a detailed LCA to be able to achieve realistic
results. The availability of relevant and recent data is the greatest challenge for all LCA
practitioners, independently of methodological approaches, which has led to the

development of different databases. The most common inventory file used for LCA
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studies related to energy generation is the Ecoinvent database . However, there
are still substantial data gaps in relation to renewable sources of energy such as PV,
for example. Particularly for new technologies (e.g. perovskite), there is a very limited
inventory, and most of these values are from laboratory experiments, so they cannot

necessarily be considered as realistic for industrial mass production.

The goal of this research is to undertake a comparison of several environmental
impacts of different Si-tandem solar module technologies through the LCA method,
with the aid of GaBi LCA software . The analyses focus on six crucial categories:
global warming (GWP), human toxicity - cancer effects (HTP-CE), human toxicity =+
non-cancer effects (HTP-nCE), freshwater eutrophication (FEuP), freshwater
ecotoxicity (FEcP) and abiotic depletion potential (ADP). It is also an objective of this
thesis to calculate the EPBT of the chosen cells and module structures. Besides that,
this research aims to partially address the inventory gap issue by developing life cycle

inventory (LCI) data of some PV technologies and methods of production.

1.1 Motivations and Significance

In this thesis, we perform an analysis of the environmental impacts of specific solar cell
and module structures, considering various sets of assumptions and different
scenarios. There are several publications about possible environmental impacts of
various types of solar cells. The International Energy Agency (IEA), for example,
publishes regularly thH 3/LIH &\FOH ,QYHQWRULHV DQG /LIH &\FOH $VV
SKRWRYROWDLF 6\VWHPV" WKURXJK WKH 3KRWRYROWDLF 3RZHU ¢
. This document contains important data about inventories and impacts of the main
commercial solar modules technologies; namely, monocrystalline Si (mono-Si),
multicrystalline Si  (multi-Si), and CdTe. However, there remains room for

improvements in inventory collection and study of new technologies.
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The advance of PV technologies and structures requires comprehensive LCA studies
to guide manufacture's and policy makers to the best choice of technology. This thesis
uses the LCA method to compare the environmental impact results from the production
processes of perovskite/Si and chalcogenide/Si tandem solar modules, considering

different Si technologies and possible improvements.

This LCA study can assist in sustainable technology development by focusing on the
life cycle environmental consequences of fresh technologies that are still in the early
stages of development. The advance of PV technologies and structures requires
comprehensive LCA studies to develop the knowledge to find the best environmental
choices of materials and technology. The LCA results help to identify opportunities to
improve the ecological aspects of PV devices at various paints in their lifecycle, as well
as bring enough discussion to aid decision-making in industry, governmental or non-
governmental organisations, selection of relevant indicators of environmental

performance and marketing.

The results are in reasonable agreement with those already presented in the literature
and encourage further studies, particularly related to the end-of-life (EoL) of these

modules.

Besides, as the technologies keep evolving, the inventories for LCA studies are
continuously changing. This thesis presents new data for tandem production
processes, and for the innovative Si technologies of PERC and specific hydrogenation

processes.

1.2 Research Limitations

The objective of this thesis is to provide realistic results for the environmental impacts

from new PV technologies. However, there are uncertainties associated with the data
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required and the assumption made throughout this work that might limit the precision of

the results.

The majority of technologies chosen in this study are well known and the inventories,
consequently, are complete and reliable. However, because the PV technologies are
evolving, the inventory might be considered old and not account for the most recent
developments. Some technologies are still being studied in laboratory scale and,
because of that, there is only a small quantity of data available. Hence, a few values
had to be estimated. These assumptions are based in specific publications and

personal communication with experts on these processes and materials.

Additionally, several environmentally based suggestions are made regarding the
ecological problems detected in this research. The goal of this work is not related to
providing a solution for the environmental problems identified but to guide the research
community and the industry on where to focus. In other words, this work provides a
critical assessment of the environmental risks and impacts associated with using

specific materials and production processes.

1.3 Thesis Outline

This thesis is divided into four main sections. The first part is a literature review of LCA
studies focused on PV devices and possible recycling processes for the main
technologies. Secondly, the methodology is described in detail, including the functional
unit (FU) and other assumptions made and the scenarios considered. The third section
is focused on the environmental impacts and the interpretation of each. Lastly, the final

part discusses and concludes this thesis, presenting suggestions for future work.

Chapter 2 is a literature review. It starts with a background of PV technologies, and
then focuses on the LCA studies made on the main technologies known, including

single junction c-Si, perovskite, chalcogenide, advanced Si solar cells and tandem
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structures. Besides that, a review of possible recycling processes for the main PV

technologies is also accomplished.

Chapter 3 describes the concepts involved in the LCA methodology. This chapter
includes a detailed explanation of the goal and scope chosen, as well as the functional
unit, system boundaries and other important assumptions made. It evaluates the
existing inventories (input and output data for each process step) and includes data
collected for new technologies. And finally, it establishes the impact categories to be
calculated and explains their importance related to the calculation of environmental

impacts from energy sources.

Chapters 4, 5 and 6 investigate the environmental impacts. In these chapters, the
results for GWP, HTP (cancer and non-cancer effects), FEuP, FEcP and ADP are
interpreted through the LCA methodology, identifying the main focus of impacts from
each production process and suggesting environmental improvements. It is also an

objective of this thesis to calculate the EPBT.

Finally, Chapter 7 summarises and discusses the key results and conclusions of this
thesis and Chapter 8 presents suggestions for future studies and some preliminary

results for the environmental impacts of PV module recycling processes.
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2 Literature Review

The intensity of the search for renewable sources of electric energy is increasing
rapidly. The major challenge is to find technologies that can be as effective as non-
renewable technologies and are able to be produced at a competitive price. Solar
energy is one of the most highly developed renewable energy sources currently known

. PV conversion is the direct conversion of sunlight into electricity without using any

heat engine or fossil source .

This chapter aims to review the existing knowledge of PV technologies and their
environmental impacts, detecting the potential gaps that are significant for future
investigation. First, a review on PV technologies is made, with a historical perspective,
including a description of the possible materials for solar cells and modules and an
outlook for future dominant technologies. Secondly, the concept of LCA methodology is
introduced and explained. Finally, the LCA approach for PV technologies is described,
with particular emphasis on the environmental impacts from production, use and end-
of-life processes of different tandem solar cells and modules, which is the focus of this

thesis.

2.1 Historical Perspective of Photovoltaics

The PV effect was first discovered, by accident, in 1839 by Becquerel. His work was
focused on the behaviour of solids in electrolytes . He immersed a metal plate in a
solution and exposed it to light and observed that a small voltage and current were

produced. This effect was called the PV effect .

In 1877, Adams and Day observed this effect in solid selenium . Later, in 1883,

Fritz developed the first thin-selenium PV cell with an efficiency of approximately 1%
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. The development of this technology was increasing, and new materials were
discovered. In 1927 a copper (Cu) and semiconductor Cu oxide PV cell was developed

with an efficiency as low as the first solar cell, less than 1% . The Si-based solar

cell was discovered DIWHU WKDW LQ E\ 2KO S ZKR SURGXFHG
variation during crystal growth S DQG ZLWK D G G Lr#fineRenD Bis\Wpedf F R Q
solar cell reached an efficiency of 6% under direct sunlight exposure. In 1954, in Bell

Laboratories, the efficiency increased to 11% .

Since the 1950s the PV technology has advanced quickly. Small-scale use such as

telephone repeaters requiring tens of Watts were traditional primary markets

. The first real impacts were realised for space applications .

The first practical PV device was first produced in 1958. The Vanguard satellite
employed a PV generator (1W). With the space program increasing, improvements of
PV power generation were required. In the 1960s the scientists needed to focus on the
possibilities of improving the electrical power generation from the solar cells . In the
same decade, researchers discovered other PV materials, such as gallium arsenide

(GaAs), that could be operated in higher temperatures then Si-based solar cells, but

this type of cell was much more expensive .

In the 1970s Dr. Elliot Berman and the Exxon Corporation designed a significantly less
costly solar cell based on selenium. Solar cells began to power many different
applications. In 1972 France installed a cadmium sulfide (CdS) PV system to operate
an educational television in Niger. In 1972 the Institute of Energy Conversion is
established at the University of Delaware to perform research and development on

thin-fimPV DQG VRODU WKHUPDO V\VWHPV EHFRPLQJ WKH ZRU

to PV research and development .
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Concern about the environment has increased and research about renewable sources
of energy became ever more important, making the study of PV modules even more
significant. Besides, the decision of exploring PV technology potential for terrestrial
applications is also a consequence of the oil crises of 1973. Considering that, the
researchers started to look towards PV technology for large-scale energy generation

and use both in stand-alone and grid-connected (without storage) configurations .

In the 1980s, companies attempted to scale up thin-film PV technologies such as
amorphous Si (a-Si) and CIGS, which had achieved >10% efficiency for small area (1
cm?) devices . From the early 1990s, there was significant research interest in thin-
film cells, mainly because of their flexibility and cheap fabrication, compared with Si
cells. However, by 2013, the thin-film cells were generally still not performing enough
well in terms of efficiency, compared with Si solar cells . In consequence,
nowadays only a few companies are still manufacturing thin-film solar cells, which are

CdTe cells and CIGS cells, representing a PV market share of below 10% .

After a long period of research and market growth, the costs for solar power are
reducing every year, and the search for new materials and processes can reduce the

SULFHV HYHQ PRUH ZKLFK LQFUHDVHV WKH 39DUH LQ WKH ZRU

2.2 Photovoltaic Technolog ies

PV is a technology that produces direct current (DC) electrical power, which can be
measured in Watts (W), from semiconductor materials when photons illuminate them.
The radiation comes from sunlight, an abundant source of photons. The solar cells
produce energy only while they are being illuminated , but PV devices require very

little maintenance during use .
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A simplified process of the production of electricity from a PV module is shown in

Figure 1.

Figure 1: Summarised process of production of electricity from a PV module .

The energy conversion through PV solar cells consists of two main steps. The first one
is the absorption of light from the sun, which generates an electron-hole pair. The
second is the separation of the electron and hole by an imbalance within the device

(electrons to the negative side and holes to the positive side), which generates

electrical current .

The energy difference between the top of the valence (outer electron) band and the
bottom of the conduction (free electron flow) band is called the "band gap", which
determines the photon energy ranges for which the material is absorbing/transparent.

Change carriers move by drift within an electric field and by diffusion.

The industry uses PV semi-conductor cells alone, in consumer products (solar powered
watches, calculators, etc.) or assembled and encapsulated in solar modules. Solar

cells have benefitted from intensive research and development efforts, leading to three

main commercial technologies .
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2.2.1 Crystalline Silicon Technolog ies

c-Si technology currently dominates the PV market, representing above 90% of the
total . Si wafers, in the form of either mono-Si or multi-Si, are the most studied
technologies and, after decades of research and manufacturing, scientists and
engineers are still improving the performance of Si-wafer PV . Al-BSF (Figure 2)
is the current industry standard process but there are many variations of the
existing production processes for c-Si solar cells and modules, that are intended to

improve module performance and/or reduce costs .

Figure 2: Basic structure of aa luminium Back Surface Field (Al -BSF) cell.

Silicon-based heterojunction solar cells (HJS) (Figure 3), for example, offer high
efficiencies and several advantages in the production process compared to
conventional crystalline silicon solar cells. The key point of that technology is the
displacement of highly recombination-active contacts from the crystalline surface by

insertion of a film with wide band gap , commonly amorphous Si.
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Figure 3: Basic structure of a  Silicon -based heterojunction solar cells (HJS)  cell.

The PERC technology [5] (Figure 4) is another example of high performance solar
FHOOV 7KLV WHFKQRORJ\ LV JDLQLQJ VLJQLILFDQW VKDU
expected to replace Al-BSF as the dominant technology in the future (expected around
60% share in 2027) [3]. The PERC process has already been implemented in the

industry [5] and the efficiency a p sgpe PERC cell has achieved 25.0 = 0.5% .

Figure 4: Basic structure of a Passivated Emitter and Rear Cell (PERC) cell.
Also, the interactions of impurities and defects within Si with hydrogen (H) have been

intensely studied for decades . The hydrogenation process has recently become

better understood and more controllable and offers improvements to the electrical
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performance of Si solar cells from different feedstocks, and can allow complete

stabilisation of specific degradation mechanisms in solar cells .

Besides that, to avoid the wafering of Si ingots (which will be further explained in this
chapter), attempts for developing Si sheets have been made. The Si ribbon sheets had
already reached a small fraction of the market with some companies in the past, but
this technology uses an expensive and wasteful process has fallen from favour.

This technology will not be discussed in this thesis.

The benefits of c¢-Si solar cells include their maturity, performance, reliability and
material non-toxicity, stability and abundance. It is considered a semi-mature
technology and there is a substantial amount of information on evaluating the safety
and robustness of the c-Si designs. The performance of c-Si solar cells and modules is
high compared with other mass-produced single-junction devices. Also, since c-Si cells
reach module lifetimes of more than 25 years, it can be considered a reliable source of
electricity. Finally, as Si is the second most abundant element in Earth's crust, after

oxygen, this technology uses the most appropriate material among the PV devices .

There are several variations in the c-Si technology, but the main processes remain the
same. The first step for produce energy from a c-Si solar module is mining raw
materials, which is mainly quartz sand. To fabricate solar cells, the Si needs to achieve
a high purity, because of that, the mining of this material is followed by further

processing and purification stages, which typically entails a large amount of energy

consumption .

The mining of quartz or sand is a well-known technology and used not just for solar
cells manufacture, but also for other uses. Thus, this technology is not expected to
change much in the future . The silica in the quartz sand is reduced with carbon

(SiOyp + 2 Cs) = Sigy + 2 CO() in an arc furnace to reduce impurities. Liquid Si is then
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collected at the bottom of the furnace, drained and cooled, resulting in metallurgical
grade silicon (MGS), which is about 98.5% pure. It needs to be further purified mainly

because concentrations of B and P dopant impurities are much too high .

Two different routes can be taken in the latter step. The Si feedstock necessary to
fabricate c-Si solar cells can be electronic, solar or upgraded metallurgical grade Si

(EGS, SGS and UMG-Si, respectively).

EGS is a highly-purified version of the MGS with extremely low impurities. The most
common method to purify MGS into EGS is by the Siemens process, which can be
broken down into three main steps: the production of trichlorosilane (SiHCI3) from MGS
in a fluid-bed-reactor; WKH SXUL¢{FDWL Ra@Qd Ré réduet®® or thermal
decomposition of SiHClI; into solid polysilicon. During this reactions impurities such as

iron (Fe), aluminium (Al), and boron (B) react to form their halides (e.g. FeCls, AICls,

and BCly) .

Similar to EGS, the typical method for producing SGS involves conversion MGS to
intermediate Si-based compounds, purification of these intermediate species and then
reduction or thermal decomposition of these species into high purity Si. The most
important of these is also the Siemens process, which accounts for approximately 90%

of worldwide polysilicon production, but SGS undergoes less refinement and has lower

quality .

UMG-Si is a low-cost alternative to SGS and EGS, which requires less equipment and

energy than the Siemens process . UMG-Si generally prepared by a relatively

simple chemical refining process, which is approximately 5 #10 times cheaper than
SGS. Unfortunately, the power conversion efficiency of a solar cell based on UMG

silicon is lower compared with other Si feedstocks .
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The next step is sawing into wafer form. In this process, there are typically 50%
material losses . With this in mind, sawing costs are a large part of the wafer
production cost and thus contribute considerably to the total module cost . Different
methods of slicing ingots have been studied, but ,mainly, two have been used in the
industry: slurry based and electroplated diamond wires . Currently, the slurry based
sawing method is the dominant technology, but diamond wire sawing is gaining a

greater market share and is expected to lead to a significant improvement regarding

process cost reduction .

Si is usually doped with B and phosphorous (P) to produce the p # junction in Al-
BSF cells, during the treatment processes as already mentined. For solar cells, p #n
junction is an interface between two oppositely-doped regions of semiconductor
material. The n-W\SH VLGH KDV DQ H[FHVV RI PRELOH dAyp¢HH HOHFWUR
side contains an excess of mobile holes. This combination (p-n) allows current to flow
readily in one direction (forward biased) but not in the other (reverse biased), creating a
basic diode. Typically, the base is doped in forming the boulle or ingot, and the emitter

is doped in the cell making process.

Next, the wafers (mono and multi-Si) are treated with chemicals to enhance optical and
electrical properties. Besides that, anti-reflection coating layers are formed on the cells
aiming to moderate reflection losses at its front surface. Front and back electrical

contacts are added to complete the solar cell .

HJS solar cells are also based on Si wafers. However, instead of a p-n junction
formation in conventional c-Si solar cells, this junction is made by deposition of doped
a-Si in heterojunction cells. This modification reduces recombination and decreases the

thermal budget and therefore the energy required for cell production, resulting in

potential reduction in environmental impacts .
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2.2.2 Thin-film technologies

The most widely commercialised thin-¢ OP VR O ¢ tRir s \of a-Si, CdTe and
chalcogenides, such as CIS or CIGS . The main characteristic of these
technologies is that they have a direct band gap, which allows strong light absorption
and the use of thin layers. Other materials and processes, such as dye-sensitised solar
cells (DSSC), organic photovoltaics (OPV) technology, and the emerging thin-¢ O P

technologies, perovskite and CZTS solar cells , have also been studied.

2.2.2.1 Amorphous-Si technology

Hydrogenated amorphous silicon (a-Si:H) (Figure 5) can work with low-temperature
supporting materials (mainly glass) and is deposited by plasma-enhanced chemical

vapour deposition (PECVD) process at about 200°C . Different configurations of

a-Si:H were developed, either in a single or tandem junction configurations [75-77]. The

low average efficiency (6% or less) of large-area single-junction a-Si PV modules is the
main reason why this technology has not confirmed to occupy a significant PV market.
Researchers and industry have been continuously trying to find ways to increase a-Si

solar cells and modules efficiency but the prospects seem limited .

Figure 5: Basic structure of a Hydrogenated amorphous silicon (a  -Si:H) cell.
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2.2.2.2 Cadmium telluride technology

The CdTe technology (Figure 6) represents around 5% of the current PV world market

share .

Figure 6: Basic structure of a Cadmium telluride (CdTe) cell.

These solar cells can be manufactured by quick and cheap processes, usually on a
glass superstrate which doubles as the cover glass, providing a low-cost alternative to
Si-based technologies . Differently from a-Si, these cells can achieve efficiencies of
more than 20% . The main technical problem of that technology is the relatively
light doping of the CdTe back contact layer, which reduces the long-term stability of the

cells , as well as the scarcity of Te and toxicity of Cd.

2.2.2.3 Chalcogenide technologies

The fabrication of CIS and CIGS modules is made from back to front (substrate
configuration), which allows the cells to be independent of transparent supporting
materials, giving flexibility regarding the choice of the substrate . The confirmed

terrestrial CIGS cell efficiency (measured under the global AM1.5 spectrum (1000

W/m?) at 25°C) is 21.0 + 0.6 % , but a problem with CIGS is the scarcity of In .
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CZTS is very similar to CIGS in optoelectronic and crystallographic properties and
methods of fabrication, but it has lower efficiency than CIGS (10.0 + 0.2 % ).
Nevertheless, researchers are showing that CZTS is the most promising alternative to

CIGS , in order to avoid the use of indium. Additionally, CZTS/Si tandem cells are

expected to be of increasing interest [25-27]. Options to CZTS have also been

proposed, in search of better efficiencies, where either Zn or Cu is replaced by other

elements to produce higher band gaps . One example is AZTS, wherein Ag

replaces Cu .

2.2.2.4 Dye-sensitised technology

DSSC solar cells (Figure 7) emerged as a new class of low-cost energy conversion
devices with simple manufacturing procedures compared to a-Si semiconductors. This
technology incorporates dye molecules and wide band gap semiconductor electrodes

to produce a photoelectrochemical effect .

Figure 7: Basic structure of a dye -sensitised solar cell (DSSC).

The manufacturing process for DSSC solar cells is modest, typically low-cost, and uses
environmentally friendly materials. They have a record efficiency of 11.9 + 0.4% ,

which is not very competitive, compared with other PV technologies. Besides, a

41



significant disadvantage is the temperature sensitivity of these cells, hence a lot of
research is going on to improve their stability . Currently, stability and performance

are the main problems with this technology and are the reasons why they are not as
competitive as other thin-film solar cells .
2.2.2.5 Organic photovoltaics technology

Instead of creating free charge carriers (electron and hole) when a photon is absorbed,

in OPV (Figure 8) materials excitons (neutral pairs of electrons/holes) are formed.

Figure 8: Basic structure of a n organic photovoltaic (OPV) cell.

The dissociation of these excitons is what generates electrical energy . In the
standard configuration of OPV devices, a translucent substrate (most commonly glass
or plastic) is coated with a transparent conductor and, in between, there are hole-

transport and electron-transport materials, followed by reflective materials.

There are still many improvements that need to occur before possible industrial scale
manufacturing of OPV, advances need to be made in increasing device efficiency and
lifetime, and the cost of devices needs to be lowered . Even with some recent

improvements on the cells efficiency, such as 12.3% for a small area 0.09 cm? bulk
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heterojunction organic solar cell and 14.08% for a ternary organic solar cell using

fullerene in the active layer , the stability of OPV cells still needs further

development .

2.2.2.6 Organic-inorganic halide perovskite technology

Solar cells based on organic-inorganic lead halide perovskite (Figure 9) are the most
recent thin-film technology, and it has gained considerable attention for the past few
years . Perovskite solar cells demonstrated a certified solar energy conversion
efficiency of 22.7 + 0.8% and its rapid progress suggests even higher values in the

future. The use of low-cost materials and simple fabrication process make them even

more attractive .

Figure 9: Basic structure of a n organic -inorganic halide perovskite cell

On the other hand, stability and challenges in upscaling the manufacture of this device
are serious concerns that must be addressed for its future commercialisation .
Besides that, in the case of lead(Pb)-based perovskites, the use and toxicity of soluble

Pb salts is also a concern regarding environmental impacts .
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2.2.3 Tandem Solar Cell Technologies

Developed by Shockley and Queisser in 1961, the detailed balance principle has been
WKH VWDQGDUG PHWKRG RI FDOFXODWLQJ WKH OLPLWLQJ HI¢{¢FLH
model, the PV single-junction solar cell limiting energy conversion efficiency is 30%, for

a band gap of 1.1 eV and considering an AM 1.5 solar spectrum .

The search for high power conversion and lower costs motivates researchers to
investigate new PV technologies and materials. With this in mind, tandem solar cells

appear as a method to combine efficiency increase and long-term price reductions of

PV modules .

The illumination first interacts with the high band gap absorber, because the high
bandgap allows absorption of the high energy photons. This material is transparent to
low energy photons, allowing them to pass through to the next absorber with lower
band gap . In other words, tandem solar cells are layered from short wavelength

material on top (high band gap) to high wavelength material on bottom (low band gap).

Tandem solar cells can be formed by either connecting them electrically in series, to
form a two-terminal tandem or making separate connections to the individual cells

(Figure 10).

Figure 10: Possible tandem solar cell configurations: two -terminal (left) and multi  -terminal (right).
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The fabrication of series connected cells is simpler but the current is necessarily the
same though each cell, which makes the choices of band gaps and layer thicknesses
more restricted. The most common arrangement for series connected tandem cells is

to grow all the cells as subsequent layers on the substrate to connect the individual

cells, which is called monolithic growth .

The monolithic design has some restrictions, such as requirement of current matching
and restricted design and material selections, such as thermal expansion coefficient
and lattice constant. In contrast, the mechanically stacked configuration offers a more

generic approach way of realizing multi-junction solar cells.

A different configuration of tandem solar cells is mechanical stacking or wafer bonding,
which are fabricated by stacking individual solar cells (top and bottom cells are
individually fabricated first) with intermediate adhesive layers that must be electrically
conductive to produce electrical current for the two (or more) cells . This approach

allows more freedom on cell design and material choice .

Tandem solar cells have achieved high efficiencies mostly using Il & cells. The

InGaP/GaAs/InGaAs multijunction cell, for example, can reach up to more than 43%

efficiency in specific conditions .

Experiments have shown that a Si substrate is likely to give the quickest path to
affordable high efficiency for tandem solar cells in different configurations, reaching an
efficiency of more than 30% in Si-based tandem device until now. The theoretical
efficiency of a two-cell tandem device with a 1.6 to 1.8 eV band gap top cell and a 1.0
to 1.2 eV band gap bottom cell (e.g. Si) can exceed 30% . Nevertheless, a variety
of possibilities have been studied and have previously been applied for solar cells in
several combinations such as DSSC/Si solar cells or OPVI/Si solar cells E' for

example.
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CIGS is a semiconductor with a chalcopyrite crystal structure, that allows its band gap
to vary between 1.0 and 2.4 eV by varying the In/Ga and Se/S ratios (with
efficiency of approximately 15.7 £ 0.5 % for high band gap cells ). The possibility of
a high band gap makes CIGS an attractive material for use on top of a Si base cell in a
tandem solar cell . Alternatively, CZTS and AZTS also present the possibility of
high band gaps (up to 2.0 eV for both ), which makes CZTS/Si and AZTS/Si

tandem solar cells interesting candidates.

The emergence of perovskite solar cells was also followed by interest in experimenting
with this technology in a tandem form. Essentially, it is believed by some researchers
that the most likely way for the perovskite technology to be processed on an industrial
scale would be on the top of a Si cell, configuring a tandem cell structure . Stacking
a perovskite cell on a multi-Si screen-printed cell can, for example, reach an efficiency

value of above 22% and if stacked on UMG-Si (low-cost) it can achieve above 20%

efficiency .

2.2.4 Possibilities for Future Photovoltaic Developments

The Al-BSF is the current industry standard Si cell process, but there are many
variations of existing production processes that aim to develop better c-Si cell and

module efficiency and performance [32].

The PERC technology is gaining significant share in the world market and is
expected to displace AlI-BSF as the dominant technology in the future (estimated
around 60% share in 2027) . The PERC process has already been industrialised
, and in 2016 the efficiency of a p-type monocrystalline cell using this technology
achieved 20.6% for a commercial cell . Another example of improving the

photoconversion efficiency of c-Si solar cells is the HJS. This technology allows for Si
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solar cells with record-HIILFLHQF\ HQHUJ\ FRQYHUVLRQ RI RYHU

designated area .

The technology that appears to be the most promising solution for achieving high-
efficiency values and small costs compared to fairly static module costs such as those
of module encapsulation, frames and junction boxes, is the tandem structure. As Si-
based tandem solar cells offer the potential for a high-efficiency product at a low price
per unit power or energy output, they are expected to appear in mass production
operation after 2019 and also gain a worldwide PV market share of 10% by 2028 .
In fact, tandem cells are crucial to the success of thin-film technologies, which might

lead to a faster learning curve and reduced costs .

2.3 Life Cycle Assessment of P hotovoltaic Technologies

Most aspects of the use of PV panels has been intensively studied and improved, and
although their environmental impacts are not yet fully determined, there is already a
great number of works carried out on this subject. LCA is a method used to evaluate
potential environmental impacts associated with the production, use phase and
disposal of a product during its lifetime. The depth of detail in LCA studies depends on
the goal and scope definition and the assumptions made , so the results can vary

for the same technology.

LCA is a methodology used to analyse any product or process from an environmental
perspective . The initial step is defining the goal and scope of the study. The next
phase is to produce an inventory, followed by the impact assessment, where the
inventory data is translated into environmental impacts. Finally and based on the

results, recommendations are made to guide choices for lower environmental impacts

100].
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ThelEA IRU H[DPSOH RFFDVLRQDOO\ SXEOLVKHV WKH 3/LIH &\FOH ,C
$VVHVVPHQWY RI 3KRWRYROW D P¥P$,\WhiwhHcentdinsNinvéhteied K W K H

and impact data for the main commercial solar module types (mono-Si, multi-Si, and

CdTe) .

LCA publications on PV technologies started to appear in the mid-1970s [101(|102] and

are being continuously updated following the rapid improvements and industrialisation
of these devices. The results from LCA studies vary mainly due to the PV system
configuration (module design, efficiency assumed, cell technology, etc.) and the
application of the methodology (system boundaries, functional unit and other

assumptions). More aspects of this field have been the subject of reviews. In 2012 Kim

et al. [103] reviewed 109 studies harmonising the life cycle greenhouse gas emissions

of commercial thin #8m PV technologies, including a &, CdTe, and CIGS, by aligning

the assumptions, parameters, and system boundaries. In the same year Hsu et al.

104] published scientific literature reviewing 397 LCA studies estimating life cycle

greenhouse gas emissions of residential and utility aeale solar PV, particularly c &

technology and focusing on LCAs that met minimum standards of quality,

transparency, and relevance. Recently, Bhandari in 2015 [105] and Louwen et al. in

2016 [106] also published reviews of PV technologies. Bhandari [105] focused his

analysis on EPBT and energy return on energy invested (EROI) of solar PV systems

and Louwen et al. [106] assessed 40 years of PV development analysing the net

energy production and greenhouse gas emissions avoidance progress.

Although there are impact categories recommended for LCA on PV technologies [107],

most of the publications focus on GWP S DOVR FDOOHG JUHHQKRXVH JDVHV
HPLVVLRQV EPBD Q& it has been considered that these categories can

substantially assess the sustainability and environmental performance of PV systems.
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PV technologies directly generate electricity from solar energy, with no fossil energy
consumption in the use phase, KRZHYHU GXULQJ WKH thel cosiiie S URG X F
large amount of primary energy. Therefore, there are no GHG emission during their
operation, but they produce important environmental impacts related to these
emissions during manufacturing processes, module assembly, material and product
transportation, and other steps of their whole lifecycle . Compared with fossil-based
power plants, PV power systems have an advantage in their potential to mitigate GHG
emissions and, because of that, GWP is the most frequently calculated environmental

impact in LCA studies of PV systems.

The EPBT for PV systems is defined as the time, normally in years, required for a
system to generate the same amount of energy to compensate for the primary energy

LEQSXW UHTXLUHPHQWYV GXULQJ WKH V\VWHPTV PDQXIDFV

installation, operation and maintenance [108]. The EPBT relates the total primary

energy input of the PV module, which can include the balance of system (BOS) or not.
The BOS refers to the components and equipment that move direct current energy
produced by solar panels through the conversion system (not including land
occupation), which, in turn, produces alternating current electricity, such as inverters

and racking, cables/wires, switches, enclosures, fuses, ground fault detectors etcetera.

The result of an EPBT calculation depends on several factors such as the type of PV

module, manufacturing technologies, module conversion efficiency, installation

location, etcetera [109]. F

These two categories are the most commonly included in LCA studies of PV
technologies, so the major focus of the next section is on GWP and EPBT impacts.
However, there are a few other impacts that are also often considered important. The
use of toxic substances, heavy metals and other hazardous materials during the

manufacturing of all parts of a PV system should also be assessed. These materials
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can affect human health, fauna and flora. HTP, FEcP and FEuP are comprehensive

indicators to assess these impacts [110]. Besides that, the use of some natural

resources, such as metals and the ingredients of glass, and the decreasing availability
of most of the associated raw materials should also be assessed. The ADP is the

category used to investigate this latter impact, relating the annual production and the

reserves of natural resources [111]. Section 3.3, Impact assessment, discusses it.

2.3.1 Life Cycle Assessment of Silicon Technologies

Currently, PV production is dominated by single-junction solar cells based on silicon
wafers including multi-Si and mono-Si . Consequently, a significant number of LCA

studies focus on these technologies.

2.3.1.1 Multicrystalline silicon technology

Multi-Si has the most significant share in the current PV market, so the majority of LCA
studies of Si PV modules have analysed this technology . Table 1 presents a

summary of LCA published on multi-Si (from the year 2000).
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Table 1:

Summary of LCA published of

Colours identify the different FU.

multicrystalline silicon (from

the year 2000).

Assumptions
Technology/ Year | Impacts FU SyStem Main results Ref
System boundaries ) o
Insolation PR Eff. Lifetime
(KWh/m 2/yr) (%) | (years)
. GWP: 46
e GWP 1 Production of
multi-Si 2000 EPBT KWh | the PV system 1700 0.75| 13 30 gCOZ_eq/kWh
EPBT: 2.5 yrs
multi-Si roof- . GWP: 60
GWP 1 Production of
top 2000 1700 0.75| 13 30 gCOze/kWh
installation P S| s P S EPBT: 3.2 yrs
lar Veesr():/ale GWP 1 Manufacturing GWP: 12
9 2003 | EPBT transport and 1675 0.78| 12.8 30 gCO2eq/kWh
PV power kWh . . -
: Others installation. EPBT: 1.7 yrs
generation
multi-Si GWP 1 Production GWP: 463
integrated | 2005 (BOS), transp. 1530 0.8 | 10.7 30 gCOzeq/m?
EPBT kWh A :
system and disposal EPBT: 3.3 yrs
multi-Si . GWP: 12.1
Large-scale | 2006 | S0P || L[ Ins@lafonand|y70; |7 | 128 | 30 | gCOgkWh
PV System P ’ EPBT: 1.9 yrs
A Production GWP: 72.4
TS| gy || S0P L | (BOS),install. | 1359 - | 129 | 30 | gCOuugkWh
modules EPBT kwWh )
and use phase EPBT: 7.5 yrs
Commercial Production
o GWP 1 GWP: 63
multi-Si PV | 2010 Others KWh (BOS) and - - | 125 30 gCOsegkWh
modules use phase
multi-Si Production .
modules |2011 |EPBT | 1| BOS) install. | MO88- | | . ]20.30 | EPET:367x
(roof top) and use ) =y
multi-Si GWP 1 Production GWP: 8.74
ground- 2012 | EPBT kWh | (BOS) to EolL - - | 144 25 9gCOze/kWh
mounted PV Others EPBT: 4.17 yrs
s GWP Raw materials, GWP: 28 133
Smglgnf's 2016 | EPBT kv%m production and 1203080' 080 16 | 30 gCOzeq/kWh
Y Others system (BOS) EPBT: 0.9-2.1 yrg
GWP GWP: 30 45
multi-Si roof- 1 Production and gCOzq/kWh
mounted ALYD | [SEET kWp use phase LY o | e <Y EPBT:1.7 + 122
Others
2.7yrs
multi-Si GWP 1 From silica to GWP: 51
modules 2015 | EPBT KW module 1300 0.75| 16 25 gCOzeq/kWh
Others p fabrication EPBT: 2.2-6.1 yrg
multi-Si PV GWP 1 Transp., GWP: 56.2
cell ATE Others kWp | Prod., disposal 10y : e 23 9gCOzeq/kW h
PV cell grid- GWP 3 Production GWP: 136 1100
connected | 2005 | EPBT KW (BOS) and - - 13.2 30 gCO2e/kWh
PV systems Others P use phase EPBT: 3 46 yrs
: GWP: 39 - 49
PV cell GWP 0.65 Production
2008 2 Several - 16 28 gCOze/KWh
modules EPBT m and use phase EPBT: 3.5 # yrs
PV cell GWP 1 ErealEiEn GWP: 44.7
Tracking 2012 | EPBT - - | 138 30 gCOsze/kWh
system Others A | el e IS EPBT: 5.5 yrs
Crystalline . .
GWP 1 Production CO; emissions:
PV 2011 1300 - 15 30 : o 128
production Others kWh process direct < indirect
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Comparing the LCA reports analysed, two studies from 2000 [113] and 2011 [119],

have similar scopes, but the inventories (as well as the production processes) are
updated from one to another. The comparison of these studies shows that more recent
production processes and recent inventories result in lower GWP and EPBT impacts,

mainly due to the use of less energy use and more efficient processes. The results

were 60 gCO,./kWh and 3.2 years in the first LCA [113] and 46 gCO,/kWh and 2.5

years in the LCA made in 2011 [119].

Recent studies, made in China, analysing multi-Si PV cells and modules assume
insolation of 1300 kWh/m?/yr, a lifetime of 25 years and 1 kWp as the FU. These LCAs
provide different results based on their system boundary set up. One of these studies

considered the processes from raw materials extraction to module fabrication, including

transportation [124], while the other also included the infrastructure, production and

disposal phases [123]. The results for the latter show that the GWP from the LCA [123],

is lower than in the other study, however they considered different insulations.

Studies using very specific assumptions produce different results, which makes the
comparison between them very difficult. In 2005, for example, an LCA of a
multicrystalline building integrated PV system was conducted considering insolation of
1530 kWh/m?/yr, a performance ratio of 0.8, a module efficiency of 10.7 % and a

lifetime of 30 years. The results from this study for GWP and EPBT were 463

gCOy/m” module and 3.3 years, respectively [115], which are very different to those

from the previous studies analysed in this review, mainly because of the dissimilar FU.

An LCA of a large-scale PV power plant also shows contradictory results. This study
included in the system boundaries the manufacturing, transportation and installation
processes and the assumed values for insolation, performance ratio, efficiency and

lifetime were 1675 kWh/m?/yr, 0.78, 12.8 % and 30 years, respectively. Based on a 1
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kWh FU, the results presented a GWP impact of 12 gCOy/kWh and an EPBT of 1.7

years, which seems to be very small compared with the other studies reviewed [114].

An LCA conducted in 2011 analysed the CO, emissions from crystalline Si PV
production. The conclusion was that the direct emissions (emissions from sources that
are owned or controlled by the reporting entity) are lower than the indirect emissions
(emissions that are a consequence of the activities of the reporting entity, but occur at
sources owned or controlled by another entity) from the production processes [30]. This
particular study does not present quantitative results and cannot be considered to have

the same reliability as the other studies.

A study made in 2016 uses more recent and realistic assumptions, mainly for efficiency

121). This study considered different PV technologies, including multi-Si. The system

boundaries include the raw materials, production of the cells, modules and BOS
components (PV system). The assumptions for insolation, performance ratio, efficiency
and lifetime were 1000 +2300 kWh/m?/yr, 0.80, 16 % and 30 years, respectively. The
results from this LCA study for GWP and EPBT were 28 *33 gCOg/kWh and 0.9 *
2.1 years, respectively. Compared with the other studies (taking into consideration their

assumptions), this updated LCA shows substantial reductions of the environmental

impacts analysed (GWP and EPBT), and the conclusion from the referred study [121

describe this reduction of impacts as a consequence of the improvements in module

efficiency and manufacturing process yields.

2.3.1.2 Monocrystalline silicon technology

A summary of LCA studies of mono-Si cells (2000 or later) and modules is shown in

Table 2 and are described and discussed in this section.
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Table 2: Summary of LCA published of monocrystalline silicon (from  the year 2000).
Colours identify the different FU.

Technoloav/ | . Svst Assumptions
echnology Iy eqp| MPAcCts 1 ¢, ystem Main results Ref.
System assessed boundaries Insolation Eff. | Lifetime
twhim?yry | PR | @) | (years)
mono-Si grid GWP 1 Production GWP: 60 gCOze/kWh
connected ALY EPBT kWh phase 14700 ) || L = EPBT: 3.2 years [L13]

e GWP 1 Production of GWP: 63 gCOz/kWh
mono-Si - 12000eppy  kwh| PV system 1700 1 0.75 1 14\ 30 | EppyT: 31 years [112]

. GWP .

mono-Si solar 1 Production GWP: 41 gCOge/kWh
modules ALes (E)E)hBeIs kWh and BOS. iy 018 1 = EPBT: 2.6 years [129]
mono-Si Production
. GWP 1 . GWP: 30 gCOz/kWh
frameless, on- (2009 EPBT KWh (BOS), mstall_., 1700 0.75 | 14 30 EPBT: 1.75 years [130]
roof use and landfill
Mono-Si GWP 1 |Raw materials, GWP: 37-50
SRS 2016 EPBT KWh production and |1000 - 2300| 0.80 | 17 30 gCOz/kWh [121]
Y Others system (BOS) EPBT: 1.2-2.8 yrs
mono-Si grid- GWP 3 Production GWP: 136 #100
connected PV [2005EPBT KW (BOS) and - - [14.8] 30 9gCOzer/kWh [125]
systems Others Pl use phase EPBT: 3 46 years
mono-Si roof- Sl e 1 Production et
2006[EPBT 1700 0.75 | 14 30 45gCOzeq/kWh [122]
eI Others  |<WP| anduse EPBT: 1.7 2.7 years
mono-Si GWP .

. 1 Production GWP:44.79gCO2¢/KWh
tracking 2012[EPBT - - 13.8 30 . [127]
system Others MWh and use EPBT: 5.5 years
mono-Si GWP 1 |[Production (not 0.66 | _ GWP:10.2gCO5¢/kWh

facade PV [2°Y2|EPBT  |kwh| cells) and use 766 | 064 30 | EppT:3ayears |3l

Comparing the main results it can be seen that the GWP is not very different when the
authors use the same assumptions, but the efficiency and the type of system analysed

influence the final results.

Two studies [112]|113] for mono-Si consider the production phases of all the PV

system components and assume the same insolation (1700 kwWh/m?/yr), performance
ratio (0.75), efficiency (14 %) and lifetime (30 years). The GWP and EPBT results are
similar (60 and 63 gCO,,/kWh and 3.2 and 3.1 years, respectively), which shows the

consistency between studies.

Using similar assumptions but more recent data, an LCA of mono-Si solar modules
presented lower impacts, compared with the two previous studies, for mono-Si

technology, considering the production process and including the BOS components

129]. The GWP and EPBT results were 41 gCO,/kWh and 2.6 years, respectively,

which are lower than in previous studies, mainly due to the improvement in the
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manufacturing processes. Even lower results were found considering a frameless

mono-Si solar module (FU of 1kWh, insolation of 1700 kWh/m?/yr, performance ratio of

0.75 and a lifetime of 30 years) [130]. The calculated GWP is 30 gCO,/kWh and the

EPBT 1.75 years, which are lower than the earlier studies, mainly because of the

assumption of a frameless module.

Different results were calculated based on case studies. In 2005 an LCA study of a
mono-Si grid-connected PV system was conducted using 3 kilowatt-peak (kWp) of

power production as the FU and included the whole production (including the BOS) and

the use phases [125]. The GWP and EPBT outcomes are 136 100 gCOy/kWh and 3 +

6 years, respectively, which are not similar to the previous studies. In 2006 an LCA for

mono-Si roof-mounted modules used 1 kWp of power production as the FU, and the

results for GWP and EPBT were 30 #5 gCO,/kWh and 1.7 2.7 years [122], which is

comparable to the previous studies. Later, in 2012, and using more recent data, a

study of a mono-Si tracking system using 1 MWh as the FU presented a GWP of 44.7

gCO,e(/kWh and an EPBT of 5.5 years [127].

A case study analysed the impacts from a specific facade tintegrated PV system in the

USA. This LCA calculated a GWP of 10.2 gCOg/kWh and an EPBT of 3.8 years

considering 1 kWh as the FU and insolation of 766 kwh/m?/yr [131]. These results are

different compared to the other studies, which is expected because this is a case study
and uses distinct assumptions, compared with the other LCA studies analysed in this

review.

In 2016 an LCA study considered recent and more realistic assumptions compared

with the previous studies analysed [121]. The system boundaries assumed for

production of a mono-Si module included raw materials and production of the cells,
modules and BOS components (PV system). The results from this LCA study for GWP

and EPBT were 37-50 gCO,/kWh and 1.2-2.8 years, respectively, assuming an
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insolation varying from 1000 to 2300 kWh/m?/yr, a 0.80 performance ratio, an efficiency

of 17% and 30 years of lifetime. The improvement in the LCA assumption to more

recent data shown positive effects regarding to reductions of GWP and EPBT impacts.

2.3.1.3 Other silicon technologies

LCA studies in other Si technologies are shown in Table 3.

Table 3: Summary of LCA published of specific silicon technologies
2000). Colours identify the different FU.

(from the year

Technology/ System Assumptions
Year|Impacts | FU : Insolation Eff. |Lifetime Main results Ref.
System boundaries (kWh/m 2/yr) PR %) | (years)
. . 9GWP . ,

Ribbon Si roofi 2006|9EPBT |1 kwp Production and 1700 075 |115| 30 GWP.'30 HgCO2eq/kKW A

mounted 90thers use phase EPBT: 1.7 £.7 years
9GWP Production GWP: 32 gCOgq/kWh
HJS solar cell|2014 OEPBT 1 kWh (BOS) and use. 1700 0.75 |18.4| 30 EPBT: 1.5 years [132]

An LCA of a ribbon Si roof-mounted system, using 1 kWp of power production as FU

and a module efficiency of 11.5 %, presented GWP values of 30 #5 gCO,.,/kWh and

EPBT of 1.7 2.7 years, considering the production and use phases

122]. This

technology is different from mono-Si and multi-Si but presented similar results for GWP

and EPBT. This result undermines the main intended benefits of such waferless

technologies, the environmental savings from the avoidance of sawing.

A complete study on Si heterojunction solar cells was conducted in 2014. The results

for GWP and EPBT are 32 gCOz/kWh and 1.5 years, respectively

132

. This study

considered 1 kWh as the FU, the system boundaries were from the production

processes (including the BOS) until the use phase, which is in accordance with LCA

studies for other types of Si technologies.
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2.3.2 LCA of Thin -films Technologies

Thin-films are single-junction devices that are intended to use less material and, at the

same time, preserve similar efficiencies achieved by silicon-based solar cells. This

result can be accomplished by using materials that can absorb the solar spectrum

much more efficiently than mono-Si or multi-Si and use a smaller amount of active

material. Thin film technologies are, for example, chalcogenide (CIS, CIGS and CZTS),

CdTe, a-Si, DSSC, OPV and perovskite

the efficiency is unlikely to be close to c-Si values.

133

. However, for most of these technologies

A summary of LCAs published on the above technologies is shown in this section.
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share in the PV market .

2.3.2.1 Chalcogenide (CIS, CIGS and CZTS) technologies

The LCA studies for CIS, CIGS and CZTS technologies are shown in Table 4.

Table 4: Summary of LCA published

Colours identify the different FU.

of CIS and CIGS technologies (from the year 2000).

Assumptions
Technology/ Year|Impacts | FU System - — Main results Ref.
System boundaries Insolation | o | Eff. |Lifetime
(kWh/m %/yr) (%) | (years)
CIS Large- - .
scale PV (20069 o0/ [1kwh| "Stalatonand | 470, g7 [110| 30 GWR:105 900k
System 9EPBT use phase. EPBT: 1.6 years
CIS PV 9GWP Module GWP: 95 gCO2/kWh
modules A 9EPBT L LS production (BOS) i el el EPBT: 2.8 years [134]
Production (BOS), 2
CIGS PV 9GWP 2 | . GWP: 65 gCOzq/m
modules 2009 OEPBT 1m® | installation, use 1700 |0.7510.5| 30 |-oo . 1.8 years [130]
and end-of-life.
Raw materials,
CZTS = 15014{2CWP 11 wh| cells and module | 1700 |0.75/10.0| 30 |GWP: 38 gCOgkWh  |[I35]
PV cells 90thers .
production
9GWP Raw materials, .
CZTSPV. 15016{9EPBT |1 kwh| productionand | 990~ [o80| 14 | 30 [CWP: 8§ 9COx/kWh Fmm
systems 9Others system (BOS) 2300 EPBT: 0.8-1.9 yrs
ICZTS (vacuum| 1m2 Raw materials, GWP: 360 gCOjeq/m*
processing) 9GWP production and GWP*:0.09 gCOge/kWh |
CZTS (non- 2018) 9 5thers 1m2 materials 1700 10.7511501 30 Ixyp 501 gCOseq/m” [136]
vacuum proc.) deposition. IGWP*:0.8 gCOze/kWh
*Assumptions made for a large scale production, with production of 1 GW per year.
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In 2007 an LCA study considered a CIS module production process (including the

BOS). The results for GWP and EPBT from this LCA are 95 gCO,./kWh and 2.8 years,

respectively [134]. Another assessment, conducted in 2006, calculated the impacts

from a CIS large-scale PV system, considering the installation and use phases. The

outcomes from this LCA are a GWP of 10.5 gCO,e,/kWh and an EPBT of 1.6 years

116]. These LCA studies used the same insolation, efficiency and lifetime valued, but

different system boundaries. The results demonstrate the influence of the system
boundaries in an environmental study showing that dissimilar assumptions result in a

wide range of GWP and EPBT impacts.

In 2009 an analysis of CIGS PV modules was conducted. The functional unit chosen
was 1 m?, which is not very common for PV systems environmental assessments. This
LCA calculated GWP and EPBT impacts based on the analysis of the production

process (including the BOS), installation, use phase and end-of-life. The results were

65 gCOZeQ/m2 and 1.8 years, respectively [130].

The CZTS technology aims to overcome the challenges of production costs, material
availability, and toxicity of a PV mass deployment, replacing the CIGS technology.
CZTS technology is most likely to be used in tandem cell concept with existing high-

efficiency c-Si cells, in particular, because CZTS uses earth-abundant semiconductor

materials [137]. A cradle to gate LCA was conducted in 2014, considering the impacts

from raw materials, cells and module production. This LCA used a FU of 1 kWh,

insolation of 1700 kWh/m?/yr, performance ratio of 0.75 and a lifetime of 30 years.

Their results for GWP were 38 gCOeq/kWh [135].

In 2018 another LCA study made for the CZTS technology compared two different
processes: cells fabricated via vacuum and non-vacuum processing. Firstly, this LCA
used a FU of 1 m? of cell fabricated. Assuming a lifetime of 30 years and an efficiency

of 15% the results from this study for GWP were 360 and 510 gCO,.,/m?, respectively.
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According to the assumption made in this LCA, the results in gCO,/kWh would be
approximately 6.4 and 8.8, respectively. Secondly, they assumed a large-scale
production process and their results were calculated based on 1 kWh of electricity
generated (FU), insolation of 1700 kWh/m?/yr and performance ratio of 0.75. Assuming
the same efficiency and lifetime the results for a large scale production of CZTS were

0.09 and 0.8 gCO../kWh, respectively, which are much lower than the lab scale

production, which is expected [136].

A GWP of approximately 20 gCO,/kWh and a EPBT value of 0.8-1.9 years was

calculated with data used for a 2016 publication, considering a CIGS efficiency of 14 %

121], which is more realistic than earlier values, considering the recent improvements

on this technology. The assumptions for insolation, performance ratio and lifetime were
1000 + 2300 kWh/m%yr, 0.80 and 16 %, respectively. These results showed
improvements in the impacts from this technology, which is expected with the

improvements of the production processes and cell and module efficiency.

2.3.2.2 Cadmium telluride technology

Considering solar modules using CdTe technology, a few LCA studies have been
made. Most of the reports analysed in this review considered 1 kWh as the FU, but

even with similar assumptions, the results are very different.

Table 5 shows the LCAs for CdTe technologies.
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Table 5: Summary of LCA published of CdTe technologies

identify the different FU.

(from the year 2000). Colours

Technology/ System Assumptions
Year|Impacts | FU . Insolation Eff. |Lifetime Main results Ref.
System boundaries (KWh/m 2 /) PR (%) | (years)
CdS/CdTe 9GWP Production (BOS), GWP: 14 gCOseq/kWh
PV modules |2°9Y oepRT |1 *WN|' instaliation, 1430 108111031 20 | £ppy.y 7vears Ll
Production, GWP: 23.6
%doniE\s/ 20059 Sut |1 kWh ftransportation and| 1800 [0.80( 9.0 | 30 | gCOugkWh 139
waste treatment. EPBT: 1.2 years
Production 9GWP Cell/module .
of CdTe |2006|9EPBT |1 kWh |production (BOS), 1700 0.75| 9.0 30 GWP-_25 gCO2e/kWh 140]
- : EPBT: 1.1 years
modules 90thers installation.
CdTe Large- . GWP: 12.8
scale PV (2006|300 |1 kwh| MSalatonand | 755 107 | 90 | 30 | gCOykWh 115]
System P ) EPBT: 1.9 years
CdTe PV 9GWP Module production GWP: 48 gCOg/kWh
modules |2°%7|9ePBT |1 *WN| (including Bos) | 1790 |975| 90 | 20 | Eppy. 15 years L
CdTe PV 9GWP Raw materials, GWP: 12-14
systems 2016({9EPBT |1 kWh| production and [1000 - 2300({0.80| 15.6 | 30 gCO2e/kWh 121]
Y 90thers system (BOS) EPBT: 0.5-1.1 yrs
cdTe Production (BOS), .
. 9GWP 2 | installation, use GWP: 40 gCOs%e/m
p%)z)%\ﬁ:;gglc 2009 OEPBT im and 1700 0.75| 109 | 30 EPBT: 0.84 years 130]
end-of-life
CdTe PV 9GWP e GWP: 19 - 30
systems in [2011|9EPBT | 1 m? and ! 1200-1700| 0.8 | 10.9| 30 gCO2e/kWh 141]
Europe 90thers end-of-life EPBT: 0.7 +1.1 years

Using values for insolation, performance ratio, efficiency and module lifetime equal to

1700 kWh/mzlyr, 0.75, 9.0 % and 30 years, respectively, three studies have chosen

dissimilar system boundaries. An LCA of CdTe solar modules conducted in 2006

considered the cell production, module assembly (including the BOS) and installation

phases as within their system boundaries. The results from this study are 25

gCOse(/kWh for GWP and 1.1 years for EPBT

140

. In the same year, another study

measured the impacts from a CdTe large-scale PV system using a different system

boundary (including only the installation and use phases). The results from this

analysis are a GWP impact of 12.8 gCO,./kWh and an EPBT of 1.9 years

116].

Finally, an LCA including the module production and the BOS manufacturing processes

in the system boundaries found a GWP impact of 48 gCO,/kWh and an EPBT of 1.5

years (assuming a lifetime of 20 years)

134

. From these studies, it can be concluded

that, because of the use of different system boundaries, the results for GWP and EPBT

were found to be completely distinct.
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In 2001 an environmental study of CdTe PV modules considered to be within its
system boundaries cell production, module assembly (including the BOS) and
installation phase. The LCA was based in isolation of 1430 kWh/m?/yr, a performance

ratio of 0.81, an efficiency of 10.3 % and 20 years of lifetime. The results are a GWP

impact of 14 gCO,/kWh and an EPBT of 1.7 years [138]. In 2005, another LCA on

CdTe PV modules was conducted considering the production process, transportation,
module manufacturing and waste treatment. The results for GWP and EPBT were 23.6

gCO2/kWh and 1.2 years, respectively. In this case, the isolation was 1800

kKWh/m?/yr, performance ratio 0.80, efficiency 9.0 % and 30 years of a lifetime [139].

These both studies considered 1 kWh as the FU, but because they assumed different
values for insolation, performance ratio, efficiency and lifetime, the results for GWP and

EPBT are dissimilar and not directly comparable.

In 2009 [130] and 2011 [141], LCA studies of CdTe PV modules used 1 m? as the FU.

These two reports considered very similar assumptions. The system boundaries were
set from the production process (including the BOS), installation and use phase until
the end-of-life. Both were based in isolation of 1700 kWh/m?/yr, an efficiency of 10.9 %
and 30 years of lifetime. The main difference between these studies was the

performance ratio. Considering a performance ratio of 0.75, the calculated results for

GWP and EPBT were 40 gCOZQQIm2 and 0.84 years, respectively [130]. Using a

performance ratio of 0.8, those impacts were 30 gCO,/kWh and 1.1 years,

respectively [141]. These results show the influence of the assumptions in an LCA and

how sensitive the calculations are to one small change in the assumptions, and that

care must be taken in expressing calculations.

In 2016 a updated study used recent data and realistic assumption to calculate the

GWP and EPBT for CdTe PV systems [121]. The considered improvements in module

efficiency and manufacturing process yields showed reduction of these environmental
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impacts compared to previous similar studies. The GWP calculated was 12-14
gCO,e(/kWh and the EPBT value was 0.5-1.1 years assuming 1000 - 2300 KWh/m?%yr
as the irradiation value, performance ratio of 0.80, 30 years of lifetime and an efficiency
of 15.6%. These results demonstrate the importance of improving the production
processes and efficiencies for solar cells and modules, as well as the magnitude of
updating the LCA assumptions and inventories, to better predict environmental

impacts.

2.3.2.3 Amorphous-Si technology

Table 6 presents the LCA studies for s-Si technology.

Table 6: Summary of LCA published ona -Sitechnologies (from the year 2000).

Technoloav/ Svst Assumptions
€Chnology’ | year Impacts | FU ystem - — Main results Ref.
System boundaries Insolation PR Eff. |Lifetime
(KWh/m 2fyr) (%) | (years)
a-Si PV GWP 1 |Cells and modules GWP: 50 gCO2/kWh
System ALY EPBT kwWh | (BOS) production A )| T <Y EPBT: 2.7 years [L13]
a-Si large- GWP 1 Modules (BOS), IGWP: 15.6 gCOgq/kWh
scale PV ALY EPBT kwWh install., transp. Ao 0| & <Y EPBT: 2.5 years [L16]
a-Si Production of .
Large-scale [20070/" | 1| thePVcellsand | 1350 |0.75|63 | 20 [O0/": 343 0COxdKWI Iy
PV plant modules (BOS). ey

In 2000 an LCA on different PV systems, including a-Si, was conducted [113]. This

study assumed the insolation of 1700 kWh/m?/yr, a performance ratio of 0.75, an
efficiency of 7.0 % and a lifetime of 30 years. The results for GWP and EPBT were 50
gCO,/kWh and 2.7 years, respectively. The results from an LCA conducted in 2006
calculated a GWP impact of 15.6 gCO,/kWh and 2.7 years of EPBT, considering as in

its system boundaries the production of the PV modules (including the BOS), the

installation and transportation of a large-scale a-Si PV system the [116]. This study

considered insolation of 1702 kWh/m2/yr, a performance ratio of 0.70, an efficiency of

6.9 % and 30 of a lifetime. The comparison of these two studies demonstrates the
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variability of environmental impacts influenced by the different assumptions, even

considering the same FU (1kWh).

In 2007 an LCA study of large-scale a-Si PV system was conducted but using very
different assumption compared with the other assessments of a-Si technology.
Considering as insolation, performance ratio, efficiency and lifetime of 1359 kWh/m?/yr,

0.75, 6.3 % and 20 years, respectively, the results are a GWP impact of 34.3

gCO4«/kWh and an EPBT of 3.2 years [117]. The results calculated are quite different

from the previous studies due to the assumptions made, mainly the insolation, and
cannot be compared directly.

2.3.2.4 Dye-sensitised (DSSC) technology

Some LCA studies have been made for solar power systems using DSSC technology.

Most of the reports analysed in this review considered 1 kWh as the FU, but even with
similar assumptions, the results are very different. The LCA studies for DSSC

technologies are shown in Table 7.

Table 7: Summary of LCA published of dye -sensitised technologies (from the year 2000).
Colours identify the different FU.

Assumptions
Te(;hnglogy/ Year (Impacts | FU b Sysdter_n Main results Ref.
ystem ounaarnes Insolation PR Eff. |Lifetime
(KWh/m?yr) (%) | (years)
Lig. junction 9GWP Raw materials, 5 10 GWP: 120 £20
glass-glass |2006 OEPBT 1 kWh| cell and module 1700 0.75| 8.0 an'd 30 gCO2/kWh 142]
DSSC fabrication (BOS). EPBT: 0.80 years
Lig. junction 9IGWP Raw materials, .
glass-glass |2007|9EPBT |1 kWh| cell and module 1700 - |80| 20 EI\DAI/BI?I":)O 4%C2§?ékWh 143]
DSSC 90thers fabrication (BOS). D40y
Raw mat., cell and GWP: 22.3
Ca'sjfftﬁ W 2012 gg‘,"g 1kWh| module (BOS), | 1700 | - | 80| 20 | gCOsqkwh 144]
Y reuse/recycling. EPBT: 1.58 years
DSSC Gréatzel 9GWP Raw materials, 1700. 1117 GWP: App. 21.5
prototype [2014|9EPBT | 1g | cell and module an d’ 950 0.75| 8.0 20 gCOzq/kWh 145]
to up-scaled 90thers fabrication (BOS). EPBT: App. 1.8 years
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Two LCA studies considered liquid junction glass-glass DSSC devices, one published

in 2006 [142] and the other in 2007 [143]. Both studies assumed the same FU,

insolation and efficiency, which are 1 kWh of electricity delivered, 1700 kWh/m?/yr and
8.0%, respectively. The results are different, mainly because the studies used
dissimilar lifetimes for the PV devices. Considering 5, 10 and 30 years of lifetime, the

results for GWP were 120 *20 gCO,/kWh, respectively, and the EPBT was 0.80

years [142]. Assuming a lifetime of 20 years the results for GWP and EPBT were 40

gCO,e(/kWh and 0.48 years, respectively [143].

A case study in 2012 analysed the impacts from DSSC using the LCA methodology

144]. The assumptions were insolation of 1700 kWh/m?yr, efficiency of 8.0 and

lifetime of 20 years. The results for a 1 kWh of electricity delivered (FU) were GWP of
22.3 gC0O2eq/kWh and EPBT of 1.58 years which is in accordance with the previous

LCA of DSSC analysed.

In 2014, another LCA study estimated the environmental impacts from a DSSC from

prototype to up-scaled fabrication [145]. Considering three insolation values (1700,

1117 and 950 kWh/m?/yr), efficiency of 8.0, performance ratio of 0.75 and lifetime of 20
years, the results for GWP and EPBT were approximately 21.5 gCOy/kWh and 1.8

years, respectively, depending on the assumed insolation value.

2.3.2.5 Organic photovoltaics technology

Seven LCA studies for OPV were analysed in this review (Table 8). Most of them focus

on EPBT and GWP and consider different lifetimes, including more than 5 years, which

seems to be unrealistic [146], which is also true for DSSC.
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Table 8: Summary of LCA publis hed on organic PV technologies (from  the year 2000).
Colours identify the different FU.

Technology/ System Assumptions
Year|Impacts | FU . Insolation Eff. |Lifetime Main results Ref.
System boundaries (KWhi/m 2/yr) PR %) | (years)
OPY solar SaWP Raw materials, GWP: 54.92 - 109.84
2010 1 kwh| cell and module 1700 0.8 |5-10| 15 gCO2e/kWh [147]
module 9EPBT . )
fabrication. EPBT: 2 - 4 years
process
Long-term 9GWP Raw materials, 10- GWP: 2 - 80
OPV 2013 9EPBT 1 kWh| cell and module, 1700 0.75 15 20 gCO2e/kWh
modules transp., use. EPBT: <0.5 years
. Raw materials, GWP: 37.77 £56.65
Flexible OPV12011|9OWP | 1 2 | cellandmodule | 1700 | 0.8 | 23| 15 | gCOLkWh 8]
fabrication. EPBT: 0.32 +4.34ys
ITO-free 9GWP Raw materials, GWP: 137.68 - 55.07
flexible OPV (2012 9EPBT 1m? | cell and module 1700 0.8 | 1-5 15 9gCOzq/kWh [149]
solar cells fabric. and use. EPBT: 0.41 +9.45ys
OPV cells 9GWP Raw materials, Gg\(l)P: ?kvivlhs
3 2012 9EPBT 1 m? |production phase [1961 - 1990| 0.8 | 3 15 %PB-ZF'qlol 35-19.59 [150]
scenarios) and transportation. days : : :
Igiclj\'/lg:'f?eld 9GWP . Raw materials and Sg\g ?E’st?] Ea
. . eq/
oPV solar 2013 g(E)lt:’hBe'll:S 1m C?:L:ﬁ?;l?;ﬁl)on 1700 |0.85| 2 5 EPBT: 0.29 +0.52 [151]
cells . years
oPV 9GWP Raw materials, 26 GWP: 132
svstems 2009(9EPBT | 1 Wp | cell and module {1000 - 1700|0.75| 5 (nﬁn) 9CO2eq/kWh [152]
Y 90thers fabrication. EPBT: 0.19 years
Laboratory 9CO; . CO,: 1120.35 and
plastic solar [2010|9EPBT |1 kwp Ri";’ﬂ:ﬁg&i"d 1700 |0.80|5-10| 15 | 2240.70 kgCO.kWp |[147]
cell 90thers EPBT: 2 +4 years

Reports from 2010 and 2013, based on the same FU (1 kWh), can be compared

because of the similar assumptions made. The first study [147] considered the

insolation of 1700 kWh/m?/yr, a performance ratio of 0.8, efficiency of 5 to 10 % and a
lifetime of 15 years. The results from this analysis are and GWP from 54.92 to 109.84
gCO,/kWh and an EPBT from 2 to 4 years. The second LCA assumed the
insolation of 1700 kWh/m?/yr, a performance ratio of 0.75, efficiency of 10 to 15% and a
lifetime of 20 years. From this study, the GWP results go from 2 to 80 gCO,e/kWh, and

the EPBT is lower than 0.5 years.

The majority of the OPV LCA studies analysed in this report considered 1m? as the FU.
Two of them assumed insolation of 1700 kWh/m?/yr, a performance ratio of 0.8 and 15
years of lifetime, but different efficiencies. Considering efficiency values of 1 and 5%

the results for GWP and EPBT were 137.68 - 55.07 gCO,/kWh and 9.45 +0.41 years,

respectively [149]. Considering an efficiency of 2 to 3% the results for the same
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impacts were 56.65 +37.77 gCO../kWh and 4.34 +0.32 years, respectively [148],

which validates the influence of the efficiency of the cells on the GWP impact (in an
inversely proportional relation). Besides, it can be concluded from this comparison that

the EPBT depends on the process assumed.

Again using the same FU (1 m?), other studies found different results due to their
assumptions. In 2012 an LCA considering insolation of 1990 - 1961 kWh/m?/yr, a
performance ratio of 0.8, an efficiency of 3% and a 15 years lifetime calculate the

impacts for GWP and EPBT as 3 #* 18 gCOy/kWh and 101.35 - 19.59 days,

respectively [150]. The dissimilarity on these results, compared with the previous GWP

and EPBT impacts, is mainly due to the use of different insolation.

In 2013 a study assuming a 5 years lifetime calculated the results for GWP and EPBT

as being 2350 - 3440 gCO,/kWh and 0.29 *+0.52 years, respectively [151]. The high

GWP impacts are a consequence of the low (5 years) lifetime assumed (compared with
the other LCA studies analysed). The EPBT values are lower due to the selected

process, which is a roll-to-roll method that requires a low quantity of primary energy.

2QH /&% VWXG\ KDV XVHG VLJQLILFDQWO\ GLIITHUH®WN DVVXPSWLR
directly compared with the other reports analysed in this review. Assuming an FU
described as 25 years of electricity production by PV systems with a power of 1 watt-
peak (Wp), a insolation of 1000 to 1700 kWh/m?/yr, a performance ratio of 0.75, an

efficiency of 5% and a minimum lifetime of 2.6 their results were a GWP of 132

gCO2¢/kWh and an EPBT of 0.19 years [152]. A similar study analysed laboratory

scale organic cells and considered a functional unit of 1 kWp. The system boundaries
assumed in this study are from raw materials to cell fabrication. The results, in this
case, for EPBT are 2 %4 years (assuming efficiencies of 5 and 10%, respectively) and

the CO, emissions results are 1120.35 and 2240.70 kgCO,/kWp [142].
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2.3.2.6 Organic-inorganic halide perovskite technology

Table 9 shows the LCA studies for perovskite technologies analysed in this review.

Table 9: Summary of LCA published on perovskite technologies

Colours identify the different FU.

(from the year 2000).

Technology/ Year|Impacts | FU System Insolatioﬁssumptlolgf?f Lifetime Main results Ref
System boundaries (KWh/m Zyr) PR (%) | (years)
Solution + 9GWP Raw materials 15.4 GWP: 5.48 and 5.24
vapour depos.|[2015(9EPBT |1 kWh and cell 1700 - 11' 5’ 1 kgCOseq/kWh [153]
perovskite 90thers fabrication. ) EPBT: 17.32-6.54 yrs
Tin- and Lead- 9GWP Raw mat., cell fab 6.4 - 1 GWP: 5.48, 5.24 and
perovskite |20 90thers |t *WN| landill b rec).| 1790 |989|15.4 10.7 kg COpgkWh 1224
TiO, and ZnO 9GWP Production, 9.10 GWP: 82.5 and 60.1 g
perovskite [2015|9EPBT | 1 m? | module manuf., 1960 0.80 1'1 0, 2 COzeq/kWh [155]
solar modules 90thers use and landfill. . EPBT: 0.26 and 0.19 yrs
Perovskite PV 9GWP Raw materials, GWP: 99 - 147 g
cells from lab [2016|9EPBT | 1 m® | cell and module 1700 0.75(15.0 5 COs2eq/kWh [156]
to fab 90thers fabrication. EPBT: 1.05 - 1.54 yrs
Titania 9GWP 2| Raw materials 6.5 4 GWP: 2.88 g
perovskite |2°°|o0thers| 1 ™ | and cell fapr. | 1000 - 1863|0.751755 7120 - 30 CO2eg/kWh 1>
Lead halide Raw materials, .
perovskite |2018 ggwp 1cm?| cell fabric., use 1700 - |20 20 ChE Talf SA00sEt g 158
ers : CO2e/kWh
solar cells and end-of-life.
Lead halide Raw materials,
perovskite |2018|90thers |1 GWh| cell fabric., use 1700 0.75| 17 20 - [159]
solar cells and end-of-life.

It is important to highlight that, because perovskite is still in development phases and,

consequently, the life cycle inventories represent lab-scale synthesis which cannot be

scaled-up to industrial production. The analysis of these results should take this fact

into consideration to not be misinterpreted.

In 2015 two studies used the same FU (1 kWh). The first LCA is an environmental

analysis of a solution and vapour deposited Pb perovskite solar cell

153

. This study

assumed 1700 kWh/m?/yr for the insolation, 15.4 and 11.5 for the efficiencies and 1

year lifetime. From this analysis, the results for GWP and EPBT are 5.48 to 5.24

kgCO,eq/kWh and 17.32 to 16.54 years, respectively. The second study assumed the

same FU, insolation and lifetime, but focussed on another perovskite technology (tin-

based cell) that has lower efficiency (6.4 %) and the GWP result for this new

technology was 10.7 kgCO,e(/kWh

154].
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Two studies used 1m? as the FU. Assuming insolation of 1960 kWh/m?/yr, a

performance ratio of 0.80, an efficiency of 9.10 and 11.0 % and 2 years lifetime the

calculated GWP is 82.5 and 60.1 gCO,/kWh and the EPBT results are 0.266 and

0.193 years

155].

Considering the same FU (1m?), but assuming as insolation,

performance ratio, efficiency and lifetime, 1700 kWh/mzlyr, 0.75, 15.0 % and 5 years,

respectively, another analysis calculated a GWP impact of 99 to 147 g COy/kWh and

the EPBT of 1.05 to 1.54 years

156

. Although assuming the same FU, these two

VW X G L Hbé direcqyftvnpared because the rest of their assumptions are diverse.

The last studies analysed

157

used 1cm? as the FU. The first one used

insolation

varying between 1000 to 1863 kWh/m?/yr, a performance ratio of 0.75, efficiencies from

6.5 to 25 % and a lifetime of 20 to 30 years, finding a GWP impact of 2.88 gCO,,/kKWh.

Another study using the same FU, but different assumptions, found much lower

impacts (0.517 +0.0354 g COe/kWh)

30 years of lifetime for the modules,

stability problems of this technology.

158

. However, these impacts considered 20 to

which is currently unrealistic because of the

2.3.3 LCA of Si-based Tandem Technologies

Table 10 displays the summary of LCAs published on Si-based tandem technologies.

Table 10: Summary of LCA published on Tandem technologies
Colours identify the different FU.

(from the year 2000).

Assumptions
Technology/ System - — .
Year|Impacts | FU X Insolation Lifetime Main results Ref.
System boundaries (KWhim 2yr) PR |Eff. (%) (years)
InGaP/mc & 2003 g(EB;VBF"I' 1 KW Materials, cell 25 GWP: - gCOz/kWh 60
Si modules P| /module prod. EPBT: 5.3 years
90thers
Perovskite/Si 9GWP Materials, cell .
tandem solar [2017|9EPBT |1 kWh| /module prod., 1700 0.75 [24 27| 20 GWP'_294 9gCOzeq/kWh [110]
) EPBT: 1.3 +1.7 years
cells 90thers use/landfill.
Chalcogenid 9GWP Materials, cell GWP: 25 30
e/Sitandem |[2017|9EPBT |1 kWh| /module prod., 1700 0.75| 22 20 [gCOzeq/kWh [161]
modules 90thers use/landfill. EPBT: 1.3 +1.4 years
Monolithic Materials, cell .
SHI-PSC 2017/ 2CWP |1 kwh| /module prod., | 1700 |0.75|26-30| 30 |GWP: 80.05 £0.08  |mem
90thers : kgCOzeq/kWh
tandem cells use/end-of-life
9GWP .
. . 2 Materials, GWP:168.49C02e(/kWh
SFEoREkiE A0 gg?hgs Im™ | celimodule iy 9 5 |EpBT:1343.5 months |13
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In 2003 an LCA study of InGaP/multi-Si solar modules was produced. This report
assumed a single PV module as the FU and considered the raw materials, cell and

module production as the system boundaries. This study measured the EPBT, which

was 5.3 years, considering the efficiency of 25 % [160].

In 2017 two LCA studies were made considering the same bottom layer (Si) and
system boundaries from raw material, cell and module production, use phase until end-
of-life (landfill). These reports assumed insolation of 1700 kWh/m?%yr, a performance
ratio of 0.75 and 20 years lifetime. The first one considered a perovskite solar cell top
layer. In this case, the efficiency was 24 *=27 %, depending on the structure of the

tandem cell. The results for GWP and EPBT were 294 gCO,/kWh and 1.3 *1.7 years

(for different scenarios), respectively [110]. The other top layers studied were

chalcogenide (including copper indium gallium selenide +CZTS, copper zinc tin sulfide
+CZTS and silver zinc tin sulfide +AZTS) and the efficiency considered was 22%. In

this case, the results for GWP and EPBT were 25 +30 gCOy/kWh and 1.3 +1.4

years, respectively, depending on the top cell structure [161]. Comparing these two

studies, it is observed that the change of the bottom cell reduced the environmental

impacts considerably, mainly because of the different processes and materials studied.

A monolithic silicon heterojunction-perovskite (SHJ-PSC) tandem cell structure was

analysed in 2017 [162]. Assuming a 1 kWh FU, an insolation of 1700 kWh/m?/yr, a

performance ratio of 0.75 and 30 years lifetime, as well as system boundaries from raw
materials until the end-of-life, the calculated results for GWP are approximately 0.05 *

0.08 kgCO,e/kWh, depending on the efficiency.

Also in 2017, a comparative LCA was conducted relating different tandem structures

using the perovskite technology [163]. The structures analysed were Si/perovskite

(efficiency: 6%), CIGS/perovskite (efficiency: 19%), CZTS/perovskite (efficiency: 21%)

and perovskite/perovskite (efficiency: 21%) tandem solar cells. All technologies
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analysed considered insolation of 1700 kWh/m?/yr, FU of 1 m? of cell area and 5 years
lifetime. The GWP result for Si/perovskite was approximately 168.4 gCOy/kWh and

the EPBT 13 #13.5 months.

2.3.4 Additional Impact Categories Other than GWP and EPBT

As mentioned, GWP is the most common impact category analysed in LCA studies. In
the case of PV technologies, this impact is calculated to determine the effect of the

analysed system in reducing GHG emissions during the manufacturing process as well

as during electrical generation due to, for example, fossil fuel-based technologies [104].

However, the use of toxic or rare elements and the study of wastes and emissions from
the PV cells and modules production processes requires consideration of more than
just GWP and EPBT. There is a necessity to analyse different environmental
categories that address toxicity, materials scarcity and other impacts from the PV

technolog \ | Nfe cycle.

The environmental impact categories are intended to be complementary and to analyse
all the aspects related to production processes and the use of products. Because of
that, the ideal LCA study should present as many significant impact categories as

possible to allow it to be complete and representative.

This review analysed a total of 56 LCA studies for silicon, thin-films and some sorts of
tandem PV technologies. Through the detailed analysis of these studies, it can be

observed that not all studies present results other than GWP and EPBT.

Table 11 shows the comparison between the number of LCA studies reviewed, which
calculate GWP and EPBT, and the number of studies that also analysed other

environmental impacts.
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As shown in Table 11, approximately 52% (33 of 63) of the LCA studies analysed more
environmental impacts than just GWP and EPBT. The detailed examination of them is

shown in Table 12.

Table 11: Comparison between the number of  LCA studies reviewed (  TOTAL) and the
studies that analysed not just GWP and EPBT, but also other environmental impacts
(ADDITIONAL).

TECHNOLOGY TOTAL ADDITIONAL

Multi-Si 16 9
Mono-Si 8 4

Si (others) 2 1
Chalcogenide 5 2
CdTe 7 2

a-Si 3 0
DSSC 4 2
OPV 8 3
Perovskite 7 7
Si-based tandem 5 5
TOTAL 61 31

Table 12: Environmental impacts analysed in the LCA studies, other than GWP or EPBT.

ENVIRONMENTAL IMPACT TOTAL
Abiotic Depletion Potential 22
Ozone Layer Depletion 18
Human Toxicity Potential 17
Ecotoxicity Potential 17
Photochemical Oxidation 14
Acidification potential 17
Eutrophication Potential 22
Land Use
Others
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The most studied category beside GWP is the abiotic depletion potential (ADP). This
category is related to non-living resources (including energy resources) such as metal

ore and crude oil and it represents the consumption, without replacement, of these

resources [164] 7KH LPSDFWV IURP WKH FHOOVY DQG PRGXOHVYT SURGXEF

use of non-renewable elements such as Al, Cu, silver, chromium and nickel and fossil
fuels, the latter being used for primary energy (electricity) generation during the

manufacturing processes.

Ozone layer depletion is the indicator that describes the thinning of the stratospheric
ozone layer as a result of anthropogenic emissions. The impacts are potentially harmful
to human health, animal health, terrestrial and aquatic ecosystems. PV related
processes, such as chemical vapour bath chamber cleaning, currently use

tetrafluoroethylene as a proxy for CF4;, C,Fs, SFs, and NF; and it has been

demonstrated to cause high ozone layer depletion if released [165]. For multicrystalline

silicon solar cells, for example, it has been shown that this impact is dominated by the
release of gases such as Halon (1301) and (1211) and carbon tetrachloride. These
gases are mainly generated during the production stages of solar-grade Si and in the

use (considering all life cycle) of Al and electricity and in the module production

process [123].

As a consequence of the production process of PV cells and modules, for all
technologies, toxic substances are emitted to the air, water and soil. The environmental
impact caused by these processes can affect human health, fauna and flora. The HTP,
for example, is an environmental impact category that provides approximations of the

cumulative toxicological risk and potential effects associated with chemicals produced

from a process or a product on human health [166]. Considering freshwater

ecosystems, an example impact is the FEcP, which refers to the impact of toxic

substances on water, describing fate, exposure and effects of toxic substances .
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Besides toxic substances, adding excessive quantities of nutrients, nitrogen (N) and P
to water and soil is also an important environmental impact. The consequence of these
releases in freshwater, for example, is that they stimulate the rapid growth of plants
and algae. Consequently, when these plants and algae die and decompose, they use

up large amounts of oxygen, which reduces its availability to fish and other aquatic

species [167]. The FEUP is the environmental category that calculates such impact.

2.3.5 Discussion

The LCA methodology is considered as one of the main relevant tools to assess the
environmental impacts from a product or system. Therefore, LCA has been widely used
in order to identify the environmental impacts from different areas, including renewable
energies such as PV. The result is a large quantity of LCA studies, using different sets
of assumptions, presenting a high variability in impact results for similar systems, which

makes it difficult to compare them.

The greatest challenge is to find an ideal standard on which all LCA practitioners (in
this case related to PV modules) can base themselves, allowing consistency, balance,
quality and, most importantly, transparency of the study to enhance the reliability and
reproducibility of the environmental results, which is mandatory in the LCA
methodology. At this time, consensus is limited to a small number of PV technologies
for which there are complete and reasonably recent inventory data available, but there
is still room for improvement in order to standardise the results for the most common

technologies and guide practitioners in future LCA studies for new PV technologies.

Currently, and based on this review, variations in LCA studies are still widespread and

are related to assumptions implemented by each author [113]. Inconsistency in

environmental impact results may also be related to the system boundary setting of

each investigation, energy source selection during the process steps, different values
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of assumed insolation, lifetime and performance ration and variations in the production

processes used to manufacture the PV cells, PV modules and BOS components [117].

The efficiency, the performance ratio, the insolation and other assumptions are usually
provided in the LCA reports, but in some cases, one or more are not, which makes
comparison of results difficult. Besides, some results are presented only after
normalisation, which obscures the contribution of each environmental impact and can

cause differences in the final results.

This review considered LCA studies from the year 2000 and, to be able to compare the
GWP and EPBT results, all values were normalised considering a performance ratio of
0.75 and insolation of 1700 kWh/mZ/yr, but retained different lifetimes, materials and
production processes. This review considered 9 different PV technologies. A summary

of all LCA results analysed is shown in Figures 11 and 12.

Figure 11: Variances of global warming potential results (in gCO 2¢q/kKWh) of LCA studies
of various PV systems. Results from the normalisation of all LCA revised using the same

insolation (1700 kwh/m ?/yr), performance ratio (0.75) and lifetime (30 years).
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Figure 12: Variances of energy payback time results of LCA studies of various PV
systems. Results from the normalisation of all LCA revised using the same insolation
(1700 kWh/m 2/yr), performance ratio (0.75) and lifetime (30 years).

From Figures 11 and 12 it is found that tandem technologies present the lowest
average impacts (0.92 years) compared with the other PV technologies. This result is
reasonable considering that a tandem structure aims to get higher efficiencies, which
impacts positively on the environmental impacts (either GWP or EPBT). It is important
to notice that different technologies are considered in these studies, and the production

processes and assumptions are not similar.

The results for GWP (Figure 11) show large variations for most of the technologies.
The main reasons for that are the different assumptions made and the continuous
update of the production process inventories and technologies. Particularly for multi-Si,
there is a significant variation in the GWP impacts, which is a result of the high number
of studies for this technology. These studies include diverse set of assumptions related
to the production processes, materials usage and other important parameters that can

strongly influence in the final results.
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For the EPBT (Figure 12) there is a significant range from the lowest to the highest
value, particularly for organic and perovskite technologies. The LCA studies for organic
solar cells assume several manufacturing processes, as this technology has numerous
alternative approaches. These differences influence the final results for EPBT, mainly
because of the energy usage for each process. The perovskite solar cells are not
mature enough to be competitive. This technology is promising, but still has stability
issues and the manufacturing processes are diverse. Each LCA study focuses on one
particular method and different lifetimes, which leads to very different results regarding

environmental impacts.

It is essential to highlight that improvements in PV production processes and the
efficiency of solar cells and modules should be taken into consideration when analysing
environmental impacts. Developments should always be considered in LCA

inventories, as this is vital in order to model a realistic and representative LCA study.

The example given in this analysis is an LCA study published in 2016 [121], which uses

recent and realistic assumptions, mainly for the efficiency of the most common
technologies (single-Si, multi-Si, CdTe, and CIGS PV systems). This study presents
up-to-date energy and environmental impact results and considers a range of
categories, such as CED, GWP, ODP, AP and EPBT, where for the most common
impact, GWP, the results are reduced compared with older studies described in this
chapter (Tables 1, 2, 4 and 5). As discussed, these results validate the importance of
constant improvements in efficiencies for solar cells and modules as well as production
processes followed by the respective update in the LCA assumptions and inventories,

to better predict environmental impacts.

The end of life and the transportation stages are not included in most LCA studies for
any PV technology, mainly due to the lack of data for these steps of the processes in

this field. However, the impacts from these phases can have important environmental
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effects and should be included in LCA studies [168]. Attention should be paid to the

research and data collection related to these processes, in order to build complete and

broadly accepted inventories to be used in the LCA studies of PV technologies.

The use of fossil fuels as source of electricity represents a major contribution to the
majority of the environmental impacts. Most of LCA studies for PV technologies

assume that the cell and module production is located in China because it remains the

biggest producer and customer for Si cells [169]. The electricity mix in China is based

in approximately 72% on fossil fuels (coal) [170] and the environmental impacts related

to this source of energy consider substances such as carbon dioxide (CO,), carbon
monoxide (CO), sulfur dioxide (SO,), nitrogen oxides (NO,), particulate matter (PM)
and heavy metals (e.g. mercury). Similarly, the USA electricity mix is mainly based in

fossil fuels, such as petroleum, natural gas, and coal that, combined, accounted for

DERXW RI WKH FRXQW\TV SULPDU\ H®ZIH TS v8lWeRG X FW LR

similar to that for China and the estimated share of total final energy consumption
worldwide in 2016, which is 79.5% . If other locations with different electricity mixes
are considered, the LCA results might change considerably. An LCA study considering
the electricity mixes from China, Russia, Norway and the United States, for example,
shown that there are significant differences in impacts such as cumulative energy

demand (CED), GWP, acidification potential (AP) and ozone depletion potential (ODP)

121). Because of that, it is important that LCA studies are transparent in relation to the

location chosen for the study, as well as for other assumptions made. In the case of the
calculations done for this thesis, | focussed on the realistic present case of mix for the

country with dominant current manufacture and consumption of PV, China.

In order to avoid these discrepancies in LCA studies of PV cells, modules and systems,
the IEA PVPS programme, for example, published a guideline whose PLVVLRT LV 3

enhance the international collaborative efforts which facilitate the role of photovoltaic
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solar energy as a cornerstone in the transition to sustainable energy systems [172].

The most important contribution from this guideline is to provide practitioners with
complete inventory data for the main PV technologies industrially available today,
based on assumptions such as definition of system boundaries, performance ratio and

insolation to be used in the calculations.

The LCA transparency can affect the results significantly. According to the IEA-PVPS
J XL GH@L&mMinindum, the following parameters should be reported: 1) On-plane
irradiation level and location; 2) module-UDWHG HIILFLHQF\ VA\VWHPTV SHUIRUPD
4) time-frame of data; 5) type of system (e.g., roof-top, ground mount fixed tilt or
WUDFNHU H[SHFWHG OLIHWLPH DQG GHJUDGDWLRQ UDWLR IF
boundaries (whether capital goods, installation, maintenance, disposal, the
transportation- and recycling-stages are included for both PV modules and balance-of-
system (frame, mounting, cabling, inverter; for utility applications the transformer, site
preparation, and maintenance)); 8) the place/country/region of production modeled
(e.g., average grid, site specific power use (e.g., hydro, coal), and 9) explicit goal of the

study (e.g., static or prospective LCA, prototype or commercial production, current

performance or expected future development). "[172].

Besides guidelines, there are some uncertainties that also have to be reduced. Most

uncertainties are due to input data (parameter uncertainty), normative choices

(scenario uncertainty) and the mathematical models involved (model uncertainty) [173].

There are techniques to identify and quantify these uncertainties, such as Monte Carlo

simulation, which is a method that propagates known parameter uncertainties into an

uncertainty distribution of the output variable [174].

The lack of data and data inaccuracy is one of the most important sources of LCA
uncertainties, and the majority of the publicly available data are not the most current,

which also results in uncertainties. There is a need for a development for a more
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dynamic tool that allows reliable, confirmed data to be available more quickly and
efficiently, so that inventory is not outdated, and the results can be as realistic and

recent as possible.

In summary, the lack of recent and reliable data, as well as the importance of more
LCA studies focusing on new technologies, as mentioned, opens a range of possible
assessments related to emerging PV technologies. Potential improvements in LCA
inventories, as well as developments in industrial processes that can create both
ecologic and economic benefits, such as better efficiencies for solar cells and modules,
need to be studied to standardise data and present more realistic results. After a
careful literature review, a lack of consistency in LCA inventory data and results were
identified, which motivated this research. Particularly for technology that present
potential efficiency improvements for cells and modules, such as tandem structures

and advanced Si technologies.
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3 Life Cycle Assessment Methodology

Manufacturing a product can involve complicated process steps and the use of diverse
materials. Each process or resource has its peculiarities and can come from many
different sources, involving a specific series of inputs (material or energy which enters
a unit process ) and outputs (material or energy which leaves a unit process ).
Each one of these processes and the use of every material has potential environmental

impacts. Several tools and methodologies can be used to calculate those effects.

LCA is a method accredited by the International Organisation for Standardisation (ISO).
The LCA technique evaluates the environmental impacts of a process or a product
across its entire lifecycle by compiling an inventory of relevant inputs and outputs of a
product system, assessing the potential environmental effects associated with those

flows and interpreting the results according to the objectives of the study .

Attributional and consequential approaches are the two different methods to perform an

LCA study.

The attributional LCA evaluates one complete production-use chain, assigning
emissions from each step of the process. This method is useful in benchmarking and
comparing different technologies or products, for example. Which is the methodology

used in this thesis.

The consequential LCA analyses a wider system, assessing the consequences of

selecting one use of one material over another, which is useful for decision making at

sector-wide or policy levels [175].

The results from an LCA study can assist in identifying opportunities to improve the

environmental aspects of products at various points in their lifecycle, decision-making
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in industry, governmental or non-governmental organisations, selection of relevant

indicators of environmental performance and marketing

The four main phases of any type of LCA are 1) goal and scope, 2) inventory analysis,

3) impact assessment and 4) interpretation .

3.1 Goal and Scope

According to the ISO-standardised LCA methodology , the objective of the goal
definition is to establish the main purpose of the assessment in a clear and objective

approach. The scope goes further, describing the assumptions and decisions to be

made in the next steps of the study [176]. The LCA goal and scope definition describes

the analysed product or system, the system boundaries, the assumptions and the FU

177).

This first step of an LCA is often underestimated, but it has the same importance for
the study as the other steps, and it should be clear and well structured. The goal and
scope must be defined before any collection of input and output data (inventory)

because this is where the exact approach to be followed in the next steps is

determined [176).

It is important to realise that an LCA model is a simplification of reality and it does not
incorporate all the complexities that the real product or process might have. The
challenge for an LCA practitioner is to develop the model as realistically as possible,
considering assumptions that will not cause distortions or influence the results
considerably. The goal and scope of the LCA are the first steps study to deal with this

challenge.
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3.1.1 System boundaries

The LCA study must describe the analysed process, presenting a diagram that
includes all routes related to the analysis. The system boundaries indicate the inclusion

and exclusion of unit processes, where the steps within borders are the processes to

be analysed [178].

The system boundaries should also include detailed information, such as the
technological system and nature, geographical area, time horizon, comparison

between current life cycle and related life cycles of other technical systems and so on

178].

The definition of the system boundaries needs to consider as many steps of the
process as possible, including the material and energy flows, the extraction of raw
materials, and the production of intermediate feedstocks and the manufacture of
equipment. The end of life is also essential and should embrace the disposal of
products, by-products and wastes. The inclusion or exclusion of any of these steps can

affect the outcome importantly, and should be clearly documented. There are different

approaches to be taken when choosing the type of system boundaries [178]. The main

possibilities are shown in Table 13.

Table 13: Variants of system boundaries approaches.

System boundary Description

From resource extraction (cradle) to the end-of-life (EoL) or disposal

Cradle-to-grave phase (grave), considering all inputs and outputs for each process.

The EoL phase is a recycling process, where new/different
Cradle-to-cradle products are generated and relocated to the beginning of the
process (cradle).

From resource extraction (cradle) to the factory gate (gate). The

Cradle-to-gate .
next steps, such as use and disposal phase, are not assessed.

It looks at a specific sub-system that produces the final product
Gate-to-gate only, not considering the production chain, but it can include
transportation.
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shown within the system boundaries in Figure 13. Landfill disposal is assumed,

because, even with some attempts at mass recycling of some types of modules [179],

for the structures analysed in this LCA there is a lack of recycling technology, and

consequently, a lack of data.

| Raw Cell Module
IMaterials Production Assembly

|System Boundary

Use

Figure 13: Processes within the LCA system boundaries.

3.1.2 Functional unit

The FU is a crucial element of an LCA and must be explicitly specified in the scope
definition. This unit is a measure of the function of the studied products or system, and

it provides a reference to which the inputs and outputs from the LCA inventory can be

related [180].

The functional unit used for a project should be determined during the elaboration of

the goal and scope definition, and the correct use of the FU enables the comparison of

two or more different systems [177].

The FU to be used in this analysis is defined as 1kWh of generated electrical energy
over the lifetime of the module, not just because this is the most common FU used to
analyse PV systems (as discussed in Chapter 2), but also because it allows a fair and

realistic comparison between different PV technologies.
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3.2 Inventory analysis

Life Cycle Inventory (LCI) analysis is a methodology for estimating the consumption of

resources and the quantities of waste and emissions generated by or otherwise

DWWULEXWD E O tifegydke 7§ URGXFW {V

The LCI analysis involves the compilation and quantification of inputs and outputs
(inventory), for a given product system throughout its life cycle. The main steps of this

phase are preparing for data collection, data collection, calculation procedures and

allocation and recycling [177].

The data aggregation must be straightforward and homogeneous, and the LCI should
be standardised in such a way that all inputs and outputs refer to the selected FU. The
calculation procedures relate process data to the FU (matrix algebra), and the

allocation method defines the multiple processes (multiple outputs, multiple inputs, re-

use and recycling) [181].

The complete inventories for all structures analysed in this thesis, as well as their

references, are presented in Appendix.

3.2.1 Challenges of data collection

The data collection for the LCI can be from a specific process which already had this
information collected, or it can aim to create a new database. However, for these two

cases, there are a few challenges to be overcome.

In the case of a known process or material, the owner or operator of the activity might
have little or no previous experience in doing such a compilation of data. Thus this
process may not have a traditional environmental data record or may even have no

documented data at all. Similarly, the LCA practitioner may have little previous
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knowledge of the process itself and not know which data are relevant or not for the

environmental analysis [177].

Even more challenging is to create a new database, especially in research projects
without the involvement of a manufacturing company. In this case, the access to
primary data is even more limited, which forces the creation of an inventory from

scratch. This process can introduce uncertainties, and some results can become

irrelevant [177].

3.3 Impact assessment

Life Cycle Impact Assessment (LCIA) is a vital phase of an LCA study. The LCIA
translates the data from the LCI to potential environmental impacts following a few
steps: selection and definition of impact categories, classification and characterisation.

There are also some non-compulsory stages that may be performed, such as

normalisation [182].

In general, the LCIA process involves associating inventory data with specific
environmental impacts and attempts to understand those impacts. The level of detalil,
choice of categories evaluated and methodologies used depend on the goal and scope

of the study.

3.3.1 Impact categories, classification and characterisation

The first step of the LCIA is the selection of the environmental impact categories to be

analysed, which should be in accordance with the goal of the study.

The environmental impacts are defined as a negative effect on human health or the
environment, the depletion of resources or disturbance of any natural ecological

biomes by a product or process (including the input and output flows) during its
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lifecycle. The impact categories are the classes that represent the potential

environmental issues of concern to which LCI analysis results may be assigned .

The calculation of category indicator results in LCA studies is called characterisation
phase. The calculation is made by multiplying the quantity of each flow (inputs and
outputs) by a characterisation factor, which is specific for each impact category and

gives a quantitative representation of its importance for a particular impact category

183].

There are two main groups of choice for a category, which are midpoint-oriented and
endpoint-oriented indicators. The midpoint-oriented are related to impacts that are
relatively close to the interventions and have the advantage of relying primarily on
scientific information and well-proven facts, which reduces the subjectivity and

uncertainty involved in the calculations.

The endpoint-oriented indicators are broader and are related to the endpoint impacts.
These have the advantage of presenting information more clearly, for instance, human

health (endpoint) is more accessible to interpret than ozone layer depletion (midpoint)

183]. Some examples of midpoint and endpoint indicators, and their interactions, are

shown in Figure 14.

Figure 14: Examples of midpoint and endpoint indicators.

86



In the LCA classification step, the LCI results are correlated to the selected impact
categories. In other words, in this phase, the inventory flows are assigned to the
relevant impact categories among those chosen under the characterisation phase,

giving their capability to contribute to different environmental issues.

The most commonly used impact categories are climate change, abiotic depletion,

acidification, human and ecological toxicity, eutrophication, etcetera [183]. The impact

categories are selected according to what was defined in the goal and scope.

There are different characterisation models for the LCA practice, which are described

and critically analysed in the literature [111].

Examples of common characterisation methods are the Institute of Environmental
Sciences of Leiden University (Centrum Milieukunde Leiden - CML), which is one of the
most complete and most commonly used approaches, the ReCiPe method (which has

this name becDXVH LW SURYLGHV D 3UHFLSH™ WR FDOFXODWH

indicators) and the International Reference Life Cycle Data System (ILCD) [184-186].

3.3.2 Selected Impacts Categories (Midpoint)

Midpoint approaches generally present the environmental impacts in a qualitative form,
offering statistics and review articles. Midpoint results are separated in several
ecological category indicators with specific relevance, which is a more complex
approach and usually focused on presenting the results for other LCA practitioners,

who will understand all the different categories.

The CML characterisation method is used for midpoint impact categorisation based on

the recommendation of best practice for LCAs undertaken in Australia [187]. The CML

methodology have characterisation factors for more than 1700 different flows, and they

are updated when new knowledge on substance level is available [184]. The choice of
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impact categories to be analysed in an LCA study is based in which possible impacts

the product or process might have on the environment.

Table 14 shows the selected impact categories for this LCA and is followed by the

justification of each choice.

Table 14: Impact categories chosen to be analysed in this LCA.

Impact Category Characterisation Unit
Global warming potential Kilograms of carbon dioxide equivalent
(GWP) (kg CO, eq.)
Human toxicity potential tcancer effects Kilograms of 1,4-Dichlorobenzene equivalent
(HTP +CE) (kg 1,4-DCB eq.)
Human toxicity potential +non-cancer effects| Kilograms of 1,4-Dichlorobenzene equivalent
(HTP =nCE) (kg 1,4-DCB eq.)
Freshwater ecotoxicity potential Kilograms of 1,4-Dichlorobenzene equivalent
(FEUP) (kg 1,4-DCB eq.)
Freshwater eutrophication potential Kilograms of phosphorus equivalent
(FEUP) (kg PO4 €eq.)
Abiotic depletion potential Kilograms of antimony equivalent
(ADP) (kg Sb eq.)

GWP aims to compare the climate effects of emissions of different GHG to the
atmosphere. This method was initially presented as analogous to the ozone depletion

potential impact, to help assess the environmental impacts of substituting

chlorofluorocarbons to hydrofluorocarbons [188](189]. Later, the interest in its more

extensive function and its use to relate the effects of CO, emissions with other GHG

made this impact one of the most popular in environmental analysis.

The GHG of most importance in this category are carbon dioxide (CO,), methane (CH,)

and nitrous oxide (N,O), but other GHG are also included in the software calculations

88




when data are available. Human activities can also affect climate beneficially through

the uptake of CO, into biomass and soils, countering the global sarming effect [187].

GWP is considered in this LCA to determine the effectiveness of the PV technologies in

reducing GHG emissions during the manufacturing process as well as during electrical

generation [104].

The impacts related to toxicity take into account the fate, route of exposure and toxicity
impact of toxic substances when released to air, water or land. Categories of chemical

substances commonly accounted for are pesticides, heavy metals, hormones and

organic chemicals [190(|191]. Toxicity can affect humans and the environment.

HTP is the impact on human health caused by the emission of toxic substances to the

environment [190]. This impact category captures the adverse effects of chemicals on

human health, including both HTP-CE and HTP-nCE [192][193].

Ecotoxicity refers to the impact on ecosystems, as a result of emissions of toxic
substances to air, water and soil . This category makes it possible to estimate
ecotoxic effects on freshwater, marine and terrestrial environments. However, the
majority of available ecotoxicological effect data is for freshwater species.

Consequently, the FEcP is traditionally used to represent all aquatic ecosystems

(freshwater, marine and terrestrial) [187].

The toxicity (human and freshwater) is evaluated in this LCA because of the use of
toxic substances, such as heavy metals and organic chemicals during most of the

processes from the extraction of the raw materials until the end-of-life of solar modules.

Eutrophication characterises the impacts of adding excessive quantities of macro &
nutrients to air, water and soil. The macro autrients most commonly accounted for in

this category are N, P and organic compounds. It can occur in aquatic and terrestrial

environments, but the former is more commonly a problem [187].
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The FEuUP assesses the impacts of excessive macro atrients in freshwater, which
causes the rapid growth of plants and algae, blockage of waterways and blooms of
toxic blue-green algae. The consequence of this impact is the reduction of the amount
of oxygen available to fish and other aquatic species. In extreme cases, it can lead to
an oxygen-depleted environment that can only support a few species of anaerobic

bacteria. It can also kill fish and other aquatic life and reduce the aesthetic and

recreational value of the water body [167].

The FEUP is calculated in this LCA because of concerns about the possible emissions
to freshwater, including nitrogen oxides, phosphate and nitrate, during the silicon

treatment and cell manufacturing processes.

The ADP category is related to the non-living resources (including energy resources)
such as iron ore and crude oil, which might be depleted. The concept of ADP was
developed in 1995 as a characterisation factor based on global reserves and extraction

rates of materials. In other words, abiotic depletion is the consumption of resources

that are not renewed in nature and eventually will be depleted completely [164]. As

solar cells (of any type) and modules are manufactured using several metals and other
materials that are not renewable, it is crucial to analyse this impact category in this LCA

study.

Other LCA metrics suggested by the IEA Methodology guidelines on life cycle

assessment of photovoltaic electricity [107] but not included in this thesis are

acidification potential (AP), which represent the impacts associated with changes in soil
acidity as a consequence of the atmospheric deposition of sulphates, nitrates and
phosphates, and ozone depletion potential (ODP), which defines the impacts caused

by anthropogenic emissions on the thinning of the stratospheric ozone layer.
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The AP is excluded due to the similarities with the eutrophication potential. The
acidification impacts are linked to emissions such as sulphur dioxide, nitrogen oxides
and ammonia, which are deposited in part near the emission sources and the
eutrophication impacts are mainly linked to the transformation of NOx and NH3

emissions into nitrogen, which modifies the chemical balance of the ecosystems in

which it is deposited [194]. It seems unlikely that a decision-maker could be misled in

any any of my studied cases by exclusion of AP when | have included EP. The
exclusion of ODP is mainly because GWP and ODP impacts are closely interrelated on
a global scale. Atmospheric processes establish a linkage through certain gases, such
as carbon dioxide, nitrous oxide, chlorofluorocarbons and methane, in promoting global
warming and in depleting the ozone layer at the same time. Many gases emitted from
man's industrial and agricultural activities can accumulate in the earth's atmosphere

and ultimately contribute to alterations in the vertical distribution of stratospheric ozone,

as well as to global warming [195]. This thesis focuses on GWP because this is an

urgent and unsolved concern and one which primarily motivates PV research and
development, whereas ozone depletion has been addressed already to a significant

extent by the Montreal Protocol and PV has not been found to be a likely to make a

significant contribution [196].

3.3.3 Selected Impacts Categories (Endpoint)

The ReCiPe characterisation factors are based on the most detailed and complete

modelling available and are recommended for the calculation of endpoint impact in

LCA studies by the International Reference Life Cycle Data System (ILCD) [111].

ReCiPe is a method used for calculating the environmental impacts at midpoint and

endpoint level. The endpoint indicators, which are separated in 3 categories, show the
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ecological effect on three higher aggregation levels, which are the effect on human

health, biodiversity and resource scarcity [186].

The use of an endpoint indicator (the ReCiPe method in this LCA) contributes to a
better understanding of the consequences of environmental impacts, accounting to
current scientific knowledge. The insights obtained can be used to understand how to
reduce the ecological effects even for non-LCA practitioners, as it presents a more
summarised result, combining the midpoint indicators in a simplified representation of

impacts.

3.3.4 Energy Payback Time

The EPBT for PV systems is defined as the time, normally in years, required for this
system to generate the same amount of energy to compensate the primary energy

LQSXW UHTXLUHPHQWYV GXULQJ WKH 39 FHOOV IWQG PRGXOHVY

transportation, installation, operation and maintenance [108]. The EPBT relates the

total primary energy input of the PV module, which can include that for the BOS or not,
depending on the goal and scope of the study, and the annual electricity generation by
the PV system. The result of this calculation depends on several factors such as the

type of PV module, manufacturing technologies, module conversion efficiency,

installation location, etcetera [109].

This parameter is not an environmental impact, but it is often calculated in LCA studies
of energy sources, such as PV solar modules. For this LCA the EPBT of all structures
analysed are calculated considering the cumulative energy input for all the production

process of the PV modules. The average grid conversion efficiency from primary

energy to electricity is considerd to be 0.315, according to Ecoinvent [197].

Another important LCA indicator, related to the EPBT, is the CED, which describes the

consumption of fossil, nuclear and renewable energy sources along the life cycle of a
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product and it is an input for the EPBT calculation [172]. The EPBT calculates how long

a PV system must operate to recover the energy that went into making the system in

the first place, and it does not differ when the power plant is dominated by non-

renewable electricity generation [198]. However, the consumption of electricity must

take into consideration the associated generation of pollution and CO, from the
electricity mix and, with that, an increasing share of renewable energies, which is
expected in future power grid mixes, may change the interpretation of the EPBT values

with the variation of the CED, which should be analysed.

This thesis focuses in the EPBT values, but future work is being developed in order to
analyse the impact of different CED in the overall environmental impact of PV

technologies such as c-Si and CdTe.
3.3.5 Normalisation and weighting

Differently from classification and characterisation, which are compulsory steps
according to the 1SO standards , normalisation and weighting are optional in the

LCIA phase due to potential biases and subjective value choices.

Normalisation relates all categories analysed, delivering a single impact that

agglomerates the relative contribution of each impact from the product system based

on a reference situation (geographical, temporal, etc.) [199]. In other words,

normalisation is calculating the magnitude of category indicator results relative to

reference information.

Weighting as converting and possibly aggregating indicator results across impact
categories using numerical factors based on value-choices . This final step is
perhaps the most debated, because of its subjectivity. Weighting entails multiplying the

normalised effects of each of the impact categories with a weighting factor that
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expresses the relative importance (value judgement) of the impact category, which can

influence the results and conclusions of your LCA.

Normalisation and weighting are not part of the scope of the LCA conducted in this

thesis.
3.3.6 Assumptions

For this LCA the assumption of similar module production is a simplification that allows
the comparison between technologies, since some of them are not yet fully
established. This assumption could be further explored when more robust methods of

encapsulation for tandem solar cells are stablished.

The module materials considered are ethyl vinyl acetate (EVA), Al frame, polymer
back-sheet (Tedlar® film-based backsheet is the industry standard), cover glass,
tabbing and solder. In this work, Pb-containing solder interconnects, commonly used in
Si PV modules, are included because this material still accounts for more than 90% of

the PV market [32] for interconnection technologies.

Module efficiencies are generally slightly lower than cell efficiencies. In this LCA the
module efficiencies are estimated, based on a 90% abs. ratio from cell to module ,
since module efficiencies have not been measured for the tandem technologies of

interest.

The module area required to produce 1kWh of electricity (FU) is different for each solar

module, depending on its efficiency, and it is calculated via Equation 1.

#L——m.
HAEE .
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Where - LV WKH HQHUJ\ JHQHUDWHG | LV MWitKddinsdldtiof, lyisQF\ R1

the lifetime (years), and PR is the performance ratio.

Insolation is the amount of solar radiation [200] received at the earth's surface per unit

of horizontal surface area. For each location on the surface of the planet, an energy

budget calculation is made using hourly visible radiation information, i.e. irradiances

measured from a meteorological satellite [201|(202]. The values of insolation can be

very different depending on the location. This LCA assumes 1700 kWh/m?/year that is

typical of southern European countries and representative of a world average in LCA

studies of renewable energy .

PR is a value representing the degree of use of a PV system. It specifies the effect of

ORVVHV RQ WKH 39 VA\VWHPTV UDWHG RXWSXW uilisationVR DUU

of the irradiation, and system component inefficiencies or failures [200]. In other words,

the PR is the relationship between the theoretical and the real performance of a PV

system.

For comparison reasons we are considering China as the manufacturing location for all
cells and modules studied. Coal-ILUHG HOHFWULFLW\ JHQHUDWLRQ LQ &

coal consumer, accounts for more than 70% of its electricity mix (in 2018) and is

expected to remain flat through 2040 [203].

3.4 Interpretation

The last step of an LCA study is interpretation in which the findings of the inventory
analysis and the impact assessment are combined, consistent with the defined goal

and scope, to reach conclusions and recommendations .
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This step is essential since the key aim of an LCA is to provide decision-makers with
comprehensive and understandable information. The interpretation component of the
LCA should identify, quantify, check, and evaluate information derived from the
assessment by analysing the results, reach conclusions, explain limitations, and

provide recommendations based on the findings of the previous phases of the study

204]. The LCA data quality can be performed by using two main methods: sensitivity

and uncertainty analysis [205].

3.4.1 Sensitivity analysis

Sensitivity analysis is the relative importance of an independent parameter related to

the value of another (dependent variable) [206]. Often, sensitivity analysis is carried out

in LCAs to test system boundaries, allocation approaches, parameter values and
characterisation methods. It is a significant tool for studying the robustness of results

and their sensitivity to uncertainty factors in LCA studies.

This analysis highlights the most critical parameters that determine whether data

guality needs to be improved and to enhance the interpretation of results [205]. It is

related to the uncertainty of data because it studies how the uncertainty of an

environmental impact can be apportioned to different sources of uncertainty from the

input flow, for example [207].

In this thesis the LCA presented include sensitivity analysis to evaluate different
parameters depending on the technologies studied and their chlanges and

uncertainties.
3.4.2 Uncertainty analysis

ISO 14040 recommends LCA practitioners perform quantitative uncertainty

analysis, but it is not mandatory. However, without characterising the possible
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uncertainties, the reliability of the study is impaired. Uncertainties can be incomplete

information, conflicting information, linguistic imprecision, variability, errors and so on

205].

LCA practitioners recognise the importance of uncertainty, and studies have addressed

this issue [208]]209]. The Monte Carlo technique, for example, is used to quantify and

update the LCA results. In this method, all uncertainty distributions that are defined in
the flows, parameters and characterisation factors are taken into account for the

simulation, which substitutes point estimates with random numbers obtained from

probability density functions and then builds models of possible results [210].

In this thesis, the analysis of uncertainties is not included, but future work should

include this parameter to better understand the oscillation on the results.
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4 LCA of Perovskite/Si Tan dem Solar Modules

The recently emerged perovskite solar cell, if implemented as part of a multi-junction
tandem structure on the top of a Si solar cell, may provide a pathway for technological
progress. The potential efficiency gain in the performance of the tandem designs is the
primary motivation for developing perovskite/Si tandem solar cells El since the

bandgaps of these two cells are suitable for that application.

In the PV field, the term perovskites refers mainly to a class of organic-inorganic hybrid

methylammonium Pb halides (CH3;NHsPbX3). These perovskites have a direct

bandgap, ranging from 1.5 to 2.2 eV [211], that covers the whole visible solar

spectrum, and high optical absorption. Hence, the research in this area has been
increasing and various demonstrations of two-terminal perovskite/Si tandems, which

involve the fabrication of perovskite solar cells directly on a Si solar cells, have been

reported [20-22].

There are published LCA studies of perovskite solar cells in a single-junction design,

comparing different materials and processes (Table 15), but not for perovskite/Si

tandem structures, to the best knowledge of the author, prior to this work [110]. This

chapter compares the environmental impacts and the EPBT of three different designs

of perovskite/Si tandem PV modules compared to Si solar modules.
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Table 15: Summary of published LCA studies of perovskite solar cells in a single -

junction design.

Reference LCA Study
Espinosa et | Perovskite solar cells manufactured by vapour and solution phase
al.]153 deposition processes.
Process 1: fluorine-doped tin oxide glass, Au cathode, and titanium
Gong et al. . . ) ) . .
155 dioxide. Process 2: indium tin oxide glass, Ag cathode, and zinc oxide
thin film.
Li'ear rrlaerloa-ll Tin-based and Pb-based perovskite solar cells. Material extraction
) 154 " | and manufacturing. EoL by sensitivity analysis.
Zhang et al. | Titanium dioxide nanotube-based perovskite solar cells, with
157 laboratory-scale and upstream data.
Celik et Perovskite device structures using scalable manufacturing methods
al.]156 such as spray and co-evaporation.
4.1 Methods

This section complements the described LCA methodology (Chapter 3), including the
specific information for the perovskite/Si tandem PV modules studied. The goal of this
LCA is to assess the environmental impacts and the EPBT of three different designs of

perovskite/Si tandem PV modules compared to Si solar modules.

The cell production is different depending on the tandem structure chosen. In this LCA

three different architectures are analysed, as shown in Figure 15.

7TDQGHP VRODU FHOOV 31B) ug@he samé boxtoth>subktell, which is an

HJS solar cell and the same perovskite cell structure for the top sub-cell, except the top

electrode. $SUUDQJHPHQW 3D XVHV $J ZKLOH VWUXFWXUH

JULG IRU D 3VWD Qiddd)Gpe®dwskit® ddllWh” these two cases, the
perovskite cell consists of titanium dioxide (compact-TiO,) for hole blocking and

electron transport, a CH3z;NHsPbl; perovskite layer for photon absorption, Spiro-
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OMeTAD for hole transport and molybdenum oxide (MoOg) as a protective layer for
subsequent sputter deposition of indium tin oxide (ITO) as a transparent conductive
layer. For this work, the same durability for the Au and Ag devices is assumed for

comparative purposes, even though lower stability has been reported for cells using Ag

212].

Figure 15: Different perovskite/Si tandem structures investigated.

For the HJS layer, a monocrystalline silicon wafer is assumed, with a layer of
amorphous silicon on each side (deposited by PECVD) and a transparent conductive

oxide (TCO), composed of indium-tin-oxide (ITO), layer on the top, deposited via

sputtering. The inventory for this process sequence is public available [132].

The tandem VWUXFW XUH 3F" X-¥ dnction & Rold\EdR Bp-tBpe substrate and
n-type emitter), and a different perovskite cell structure using Al as the top electrode

(grid). For the Si p-on-n junction, which remains the dominant (above 90% share)
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commercial PV technology in the industry [213], this LCA assumes the multi-Si Al-BSF

technology , because it is the current industry standard process . The process
sequences for perovskite/Si tandem solar cells using Ag, Au and Al is shown in Tables

16, 17 and 18, respectively.

Table 16: Process sequences for perovskite/Si solar cells (Ag for the front metal grid).
Step | Perovskite/silicon tandem Ag or Au technology Ref.
1 Raw material purification (silica to metallurgical grade Si -MGS).
2 MGS purification into electronic grade silicon (EGS).
3 EGS conversion to boules by the Czochralski process (mono-Si).
4 Boules slicing into wafers.
5 | Wafer cleaning and texturing.
6 Deposition of amorphous-Si (a-Si) layers on the front and back.
7 | Deposition of TCO on the front of Si.
8 | Ag onto the back side (screen printing). 132
9 | TiO, deposition.
10 | Perovskite layer deposition (spin coating) and heat treatment. 214
11 | Hole selective material (spiro-MeOTAD) deposition (spin coating).
12 | MoO; layer deposition (thermal evaporation). 215
13 | Top ITO contact sputtering.
14 | Ag (grid) deposition (evaporation) into the front side. 215|216
Table 17: Process sequences for perovskite/Si solar cells (Au for the front metal grid).

Step | Perovskite/silicon tandem Ag or Au technology Ref.
1 Raw material purification (silica to metallurgical grade Si -MGS).
2 MGS purification into electronic grade silicon (EGS).
3 EGS conversion to boules by the Czochralski process (mono-Si).
4 Boules slicing into wafers.
5 | Wafer cleaning and texturing.
6 Deposition of amorphous-Si (a-Si) layers on the front and back. 132
7 | Deposition of TCO on the front of Si.
8 | Ag onto the back side (screen printing). 132
9 | TiO, deposition.
10 | Perovskite layer deposition (spin coating) and heat treatment.
11 | Hole selective material (spiro-MeOTAD) deposition (spin coating).
12 | MoO;s layer deposition (thermal evaporation).
13 | Top ITO contact sputtering.
14 | Au (grid) deposition (evaporation) into the front side. 215|216
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Table 18: Process sequences for perovskite/Si solar cells (Al for the front metal grid).

Step | Perovskite/silicon tandem Al technology Ref.
Raw material purification (silica to metallurgical grade Si -MGS).
2 MGS purification into electronic grade silicon (EGS).
3 Silicon ingot growth (casting of silicon blocks +multi-Si).
4 Slicing of ingot blocks into wafers.
5 | Wafer cleaning and texturing.
6 Dielectric layer diffusion/deposition (antireflection coating).
7 Ag on the back side (screen printing), firing for contact formation.
8 Deposition of TCO on the front of Si.
9 Spin coating of PEDOT:PSS. 214
10 | Perovskite layer deposition (spin coating) and heat treatment.
11 | Application of PCBM electron transport layer (solution processing).
12 | ZnO deposition.
13 | Top ITO contact sputtering. [ﬁ]
14 | Al (grid) deposition (evaporation) into the front side. 214

From Tables 16, 17 and 18 it is important to note that these processes represent a
synthesis on a laboratory scale and therefore the respective life cycle inventories
generated cannot be extended to an industrial production ratio and consequently the
use of these data should be careful, and the results may be irrelevant considering
larger scales. Examples such as the use of Spiro-MeOTAD as an orifice transfer layer
are accepted in cases of smaller (laboratory) scales, but in larger scales, it is known
that this process is very expensive and unstable, therefore not realistic. New
inventories and LCA studies should be further discussed when more realistic data for

industrial scale are published for this technology.

The next step is the module assembly, which assumes the same encapsulation
scheme and module assembly for all technologies (Si and tandem), although it is likely

that a commercial thin-film perovskite module would be eventually produced slightly

differently to current silicon modules [217].
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As perovskite cells and, consequently, perovskite/Si tandem cells, are not yet stable,
this study assumed a lifetime of one year for the perovskite layer. However, the effect

of longer lifetime is explored in the sensitivity analysis, below.

The Si layer (either p-n junction or HJS) is assumed to have a lifetime of 25 years,

which is the expected lifetime for PV modules replacement cycle .

To better understand the influence of the perovskite layer on the perovskite/Si tandem

technology, this LCA considers two different scenarios that are explained in Figure 16.

Perovskite layer fails and becomes opaque after one year of lifetime, making it
impossible for silicon cell to continue to generate power.

Scenario 1
3SHVVL Btevianid'F

After one year of lifetime, the perovskite layer fails and becomes transparent and
still electrically conductive, making it possible for the silicon cell to generate power
during its whole lifetime.

Scenario 2

3R SW L Btevand F

Figure 16: Scenarios considered for the perovskite layer in the perovskite/Si tandem

structure.

Based on Equation 1, Tables 19 and 20 list the assumptions and the area required for
HDFK WHFKQRORJ\ WR SURGXFH N:K )8 GXULQJ WKH PR

Scenarios 1 and 2, respectively.
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Table 19: Assumptions for Scenario 1 (Si = Silicon and PPK = Perovskite).

Module Si Si PPK(Ag)/Si | PPK(AU)/Si | PPK(AI)/Si
Parameters (p-n junction) (HJS) Tandem Tandem Tandem
efficiency - 0.18 0.20 0.27 [6][218]| 0.27 [6][218]| 0.24 [6][219]
insolation| kKWh/m?/yr 1700 1700 1700 1700 1700
—
2| energy kWwh 1 1 1 1 1
8
% lifetime years 25 25 1 1 1
PR - 0.75 0.75 0.75 0.75 0.75
area m? 0.174 0.154 2.93 2.93 3.30
Table 20: Assumptions for Scenario 2 (Si = Silicon and PPK = Perovskite).
Module Si Si PPK(AQ)/Si | PPK(AU)/Si | PPK(AI)/Si
Parameters (p-n junction) (HJS) Tandem Tandem Tandem
efficiency - 0.180 0.204 0.207 0.207 0.182
insolation| kWh/m?yr 1700 1700 1700 1700 1700
N
2| energy kWh 1 1 1 1 1
@©
c
§ lifetime years 25 25 25 25 25
PR - 0.75 0.75 0.75 0.75 0.75
area m? 0.174 0.154 0.152 0.152 0.172

The inventory for the main perovskite layers in the perovskite/Si tandem solar cells

153( |154

(MoO4/ITO stack) layers that need to be added in the tandem structures and the Si

technologies analysed.
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4.2 Results and Discussion

4.2.1 Global Warming Potential

The results for GWP are shown in Figures 17 and 18 (Scenarios 1 and 2, respectively).

Figure 17: GWP results considering Scenario 1 (PPK = perovskite).

Figure 18: GWP results considering Scenario 2 (PPK = perovskite).

The comparison between Scenarios 1 and 2 indicates that the module lifetime has an
important relationship with the generation of impacts in this category. The Si
purification processes (for both p-n junction and HJS) demands a significant amount of

primary energy, which is directly related to the GWP impact because of the generation
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of GHG, considering that this energy comes primarily from coal combustion, assuming
the electricity mix from China (approximately 70% coal). Fossil fuels comprise carbon
and hydrogen predominantly and, when burned, oxygen combines with carbon to form
CO; and with hydrogen to create water (H,O). The energy produced is the result of the
heat generated by these chemical reactions. The carbon content of the fuel determines
the amount of CO, produced, and the quantity of heat created depends on its carbon
and hydrogen content. Natural gas, for example, is mostly made of methane (CHy,),
which has a high hydrogen content. Consequently, its combustion produces less CO,
for the same amount of heat generated from burning other fossil fuels. Burning coal,
which is the assumption made in this LCA for the reasons mentioned previously, for the

same amount of energy produced, produces about twice the amount of CO, produced

by burning gas [221]. This fact explains why the GWP impacts are predominantly

related to the use of electricity.

Figure 17 (Scenario 1) considers that the tandem modules require replacement every
year, and consequently, the quantity of Si used to produce the FU is much more
significant (the cell area required is larger since that energy must be generated in just

one year). Therefore, the impacts increase.

Comparing Figures 17 and 18 it can be seen that the impact is much lower for Scenario
2. This result is mainly due to the continuing operation of the Si layer of the tandem
solar cells after the perovskite cell has failed. Additionally, comparing the two types of
Si technology, it can be concluded that, for GWP, the p-n junction, without a perovskite
top cell, has better environmental outcomes, mainly due to the differences between the

S U R F Hsiépsiuged.

The impact from the perovskite layer is significant due to this short lifetime and is

particularly serious in Scenario 1, in which the perovskite layer becomes opaque after

RQH \HDU 7KH VKRUW OLIHWLPH LQ ERWK 6FHQDULRYV
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significant increase in the cell and module efficiency, compared with the single junction
technologies, which, consequently, G R HVggffw the top cell to diminish the

environmental impacts significantly.

The GWP impacts from the ITO layer are a result of the massive energy consumption

during its manufacturing process. A better environmental option for this layer is to

replace it with FTO glass, that has much lower GWP impacts [155].

The elimination of the Spiro-OMeTAD layer, which requires a high energy consumption
during its deposition process (2.76 uL0? kWh/cm?), would reduce the overall GWP

impacts. Options for lower GWP impacts, include replacement for the Spiro-OMeTAD

layer by PEDOT:PSS (9.90 uL0™ kWh/cm?) or PCBM (5.00 uL0® kWh/cm?) [153].

The metal grid processes also have significant GWP impacts, which are mostly due to

the energy and material inputs required to process the ore (raw material) [222].

4.2.2 Human Toxicity Potential (Cancer and non  -Cancer Effects)

The results for HTP-CE and for HTP-nCE, considering Scenarios 1 and 2, are shown in

Figures 19-22.

Figure 19: HTP-CE results (Scenario 1) (PPK = perovskite).
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Figure 20: HTP-CE results (Scenario 2) (PPK = perovskite).

Figure 21: HTP-nCE results (Scenario 1) (PPK = perovskite).
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Figure 22: HTP-nCE results (Scenario 2) (PPK = perovskite).

The perovskite layer has the most significant impacts (both cancer and non-cancer
effects) for the HTP category. The short lifetime of this component, similarly as for the
GWP impact, is most influential in both Scenarios (1 and 2), which, again, shows the

importance of research on the stability of the perovskite devices.

The HTP impacts (CE and nCE) are mainly from the perovskite absorbing layer and the
spiro-OMeTAD deposition, mostly due to the use of solvents such as

dimethylformamide and isopropanol (perovskite) and to the use of monochlorobenzene

(spiro-OMeTAD), that are poisonous for humans [223]. Therefore, a perovskite cell

structure that avoids solution processing of the hole transport layer and perovskite

(possibly Pb-free [224-226]) layer might be a future structure optimised for minimum

toxicity impacts. However, as mentioned, it is important to highlight that the use of
Spiro-MeOTAD represents a laboratory scale procedure and is unlikely to be used in
mass production due to its high cost and instability and therefore the respective life
cycle inventories, and consequent results generated, should be analysed with this in
mind. For these results to be considered in an industrial scale production ratio, further

device research, beyond the scope of this thesis, still needs to be done.
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An important observation is the influence of the Au contact grid on both HTP-CE and
HTP-nCE impacts, which can be seen when comparing the similar structures
(perovskite/Si tandem Ag and Au). This environmental effect is related to the mining
process of this material. Mercury (Hg) amalgamation for Au extraction is widespread
from historical and ongoing mining practices. Examples of Hg pollution associated with

Au mining have been shown in Canada, the US, Africa, China, Philippines, Siberia and

South America [227]. Besides Hg, other heavy metals wastes produced from gold ore,

such as Cu, Ag and Pb extraction are leached out in an uncontrolled manner into
surrounding environments on exposure to water or through dispersal by wind. The
presence of elevated concentrations of heavy metals in the environment is a severe

issue due to their non-degradative nature, which makes them persistent and thereby

exert long-term effects on the ecosystem and human health [228].

The difference between perovskite(Al)/Si and perovskite(Au)/Si tandem structures is
subtle because both metals are used as a grid metal contact, so the amount of Au and

Al is not very significant compared to an entire layer.

The impacts of Si (p-n and HJS) are mainly from the Si treatment processes. As
already discussed, these processes require substantial amounts of electricity. The

effects, in this case, are from the use of non-renewable sources of electricity,

particularly for the mining process, plant operation and coal transportation [123]]229],

which is the assumption for electricity usage.

The module fabrication process also has some HTP impacts. The substances that
mostly contribute for this category are Pb, arsenic, and mercury, whose emissions to

air are mainly generated from the electricity supply and glass production process for

the modules [230]. Pb is also present in the solder, but the impacts are small compared

with the use of coal-fired electricity. The disposal of these modules also has some

significant impacts on human health, considering that all materials are assumed to go
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to landfill. Particularly, Pb exhibits high cancer and non-cancer toxicity potential for

humans [231].

The overall human toxicity impacts from perovskite(Al)/Si tandem are lower than the
other perovskite/Si tandem studied, mainly because of the charge selective layer since

PCBM has lower environmental impacts than Spiro-OMeTAD.

4.2.3 Freshwater Ecotoxicity Potential

The results for FEcP, considering Scenarios 1 and 2, are shown in Figures 23 and 24.

Figure 23: FECP results (Scenario 1) (PPK = perovskite).

Figure 24: FEcP results (Scenario 2) (PPK = perovskite).
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This category is essential due to concerns with the soluble Pb (Il) salts content of the
perovskite layer, which has a great FEcP contribution in the perovskite/Si tandem
structures analysed. Thus, these results also further encourage research related to the
Pb replacement in perovskite solar cells. Pb is a health hazard, since when inhaled (in

the case of emission to air) it is stored in the bones, teeth and blood, and may damage

liver, kidneys and brain affecting the health of children, unborn babies and adults [232].

The metabolism of arsenic in humans can result in the formation of dimethylarsenic

acid (DMA), which is carcinogenic to mammals [233].

Strategies have been demonstrated to reduce the toxicity of Pb in perovskite
technologies, such as the partial substitution of Pb by other low-toxic metal cations or

completely Pb-free perovskite materials based on Sn (ll), Sn (1V), Ge (Il), Bi (lll), Sb

(1) and Cu (I) etc [234].

Besides Pb, solvents in the perovskite layer, the spiro-OMeTAD and the ITO layer also
contribute to freshwater ecotoxicity. Particularly for ITO, the FEcP impact is from the

emission of heavy metals (e.g. indium).

Specifically for the Au layer, the FEcP impact is due to the mining process of this metal,

which includes As, Co, Cr, Hg, Zn etcetera as typical metal pollution associated with

this activity, posing risks to soils, water and associated flora and fauna [235]|236].

These results motivate the development of perovskite and perovskite/Si tandem solar

cells that eliminate Au.

The charge selective layer (PCBM and Spiro-MeOTAD) has an important influence in
tandem structures for this category. The PCBM layer has better environmental
outcomes for the FEcCP category than Spiro-MeOTAD, mainly because Spiro-MeOTAD
contains monochlorobenzene (solvent), which is a toxic substance. Also from the cell

production and additionally from the module fabrication phases, the silver-based paste
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(cells) and glass production (module) have major impacts in this category .
Comparing the three tandem structures, we can say that the one that has lower
environmental impacts is the perovskite(Al)/Si tandem, because of the layer materials

and deposition processes.

4.2.4 Freshwater Eutrophication Potential

The results for FEUP (Scenarios 1 and 2) are shown in Figures 25 and 26, respectively.

Figure 25: FEUP results (Scenario 1) (PPK = perovskite).

Figure 26: FEUP results (Scenario 2) (PPK = perovskite).
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The perovskite layer contributes significantly to freshwater eutrophication because of
the use of organic compounds (e.g., methylammonium iodide), which represent

approximately 29% in perovskite/Si tandem Ag, 26% in perovskite/Si tandem Au and

57% in perovskite/Si tandem Al [110].

The bottom layers (Si p-n junction and HJS) of the three tandem structures have a
significant influence on the FEuUP impacts, mainly due to the emissions to air and
freshwater, including nitrogen oxides, phosphate and nitrate during the silicon
treatment and cell manufacturing processes. In the module production stage,
encapsulant, backsheets and Al frame are the main contributors to this impact category
because phosphate and nitrogen oxides are emitted during their production and life

cycle.

4.2.5 Abiotic Depletion Potential

The ADP results (Scenarios 1 and 2) are shown in Figures 27 and 28, respectively.

Figure 27: ADP results (Scenario 1) (PPK = perovskite).
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Figure 28: ADP results (Scenario 2) (PPK = perovskite).

Perovskite/Si tandems that use precious and scarcer metals than Al, such as Ag and
Au, as the front contacts have higher ADP impacts than the tandem that uses Al. The
Ag and Au layers represent 58 and 45% of the total ADP contributions in the tandem

structures that use them, which is associated with their extraction processes =+

extraction from the ore and purification [153]. Particularly, the mining process of Au has

a high environmental impact, especially for open-pit mining. Regardless of the method,

metal extraction and refining stages impact on land use drastically [237].

The impacts from the modules are related to the use of metals such as Al, Ag, copper,
chromium and nickel and also due to the burning of fossil fuels for primary energy

(electricity) generation during manufacturing.

With this in mind, it is essential to develop future processes for recycling of these

materials for reduced environmental impacts, including for ADP [238]. The ecological

outcomes from the treatment of secondary (recycled raw materials) metals are much

lower than in primary production [239].

The use of metals such as copper (tabbing material) and Ag in the cells and Al in the
module production phase creates higher impacts compared with other materials (for all
structures studied in this LCA). Specific Ag consumption is expected to be decreased

by development of advanced processes and/or replacement with other metals .
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4.2.6 Energy Payback Time

The EPBT results are shown in Table 21. These results are in acceptable agreement

with those presented in the literature (Chapter 2) [156].

Table 21: Energy paybac k time (EPBT) for all structures studied.

Technology Al-BSF Si HJS Si PPK(AQ)/Si | PPK(AuU)/Si | PPK(AI)/SI

EPBT (years) 1.56 1.6 1.33 1.33 1.14

The EPBT of perovskite/Si tandem solar cells is better, compared to the respective Si
cells, mainly because the efficiency of perovskite/Si tandem solar cells/modules is
assumed to be higher than Si (either p-n junction or HJS) and most of the invested

energy is recovered before the perovskite cell faults. These results are similar to other

published EPBT analysis of PPK/Si tandem solar cells [162], some assumptions are a

bit different, however they have a small impact in the final results.

The EPBT is related only with the energy use and production, and not consider the
environmental impacts from the GHG emissions. Because of that, the EPBT results

differ from the GWP impacts.

The steps that dominate the input energy are the SGS manufacturing process, thin-film
deposition (PECVD a-Si in HJS) and TCO sputtering (HJS). Designs that replace or
optimise these processes or that improve the energy conversion efficiency will improve
the EPBT. It should be noted that the EPBT for the tandem structures exceeds the

assumed life for perovskite top cell.

Studies about the impact of recycling of solar modules are showing that this process

can improve the EPBT of several PV technologies [240]. The development of recycling

processes can affect all the technologies studied in this work, and consequently

generate better environmental outcomes for these solar devices.
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4.2.7 Endpoint (ReCiPe) Impacts

As discussed previously, converting midpoints to endpoints simplifies the interpretation
of the LCA results. However, with each aggregation step, uncertainty in the results
increases so the interpretation of these results needs to be meticulous. The endpoint
impacts for Si and perovskite/Si tandem solar modules are presented in Figures 29 and

30, considering Scenario 1 and Scenario 2, respectively.

Figure 29: ReCiPe results for Scenario 1.
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Figure 30: ReCiPe results for Scenario 2.

The comparison of the three ReCiPe indicators for Scenario 1 shows that the
environmental impacts produced from the tandem structures studied are much worse
than those from Si (both p-n junction and HJS). Also, it is again observed that the
perovskite that uses Ag as the metal grid has higher ecological effects, mainly for
human health and resources depletion. This impact covers several types of human

health problems, such as respiratory issues, cancer potential, etc.
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Considering Scenario 2, it can be observed that for all three ReCiPe indicators the
environmental impacts produced from the perovskite/Si tandem solar modules are still
worse when compared with Si (both p-n junction and HJS). As discussed in the
interpretation of the midpoint impacts assessment (sub-chapters 4.2.1 to 4.2.5), the
SHURYVNLWH FHOOYfV OLIHWLPH KDV D VLJQLILFDQW

be stated that considering the assumptions made in this LCA, regarding efficiency and

LQIOXI

the possibility of havind D SGHDG™ WUDQVSDUHQW SHURYVNLWH FHOC

the reduction of the environmental impacts to have a combination of these two factors.
These results confirm the importance of a longer lifetime and EoL transparency for the

perovskite layer.

Besides transparency, the efficiency also has an important influence on the overall
environmental impacts of the tandem solar modules analysed. The longest the top
layer (perovskite) can last, the longest the high efficiency will be considered and,
consequently, the environmental impacts decrease if compared with the lower
efficiency of having just the bottom layer (Si) working. In order to estimate the lifetime
for the perovskite layer required to be able to produce a tandem solar cell that can
have lower environmental impacts than Si (p-n junction and HJS), we performed a
sensitivity analysis predicting the overall impacts from the tandem structures and

comparing with both Si technologies studied.

4.3 Sensitivity analysis

A sensitivity analysis determines how different values of an independent variable affect

a dependent variable under a given set of assumptions.

Figures 31 and 32 present the sensitivity analysis for the perovskite/Si structures
analysed considering Scenarios 1 and 2 respectively. These results are based in a

perovskite layer lifetime of 1, 5, 10, 15, 20 and 25 years.
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Figure 31: Sensitivity analysis of perovskite(Ag, Au and Al)/Si tandem devices
considering Scenario 1 (the perovskite cell is assumed to become opaque and non
electrically conductive at the end of its lifetime, not allowing the Si cell to continue to

operate for the rest of its lifetime). PPK = perovskite.
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Figure 32: Sensitivity analysis of  perovskite (Ag, Au and Al) /[Si tandem devices
considering Scenario 2 (the perovskite cell is assumed to become transparent and
electrically conductive at the end of its lifetime, allowing the Si cell to continue to operate

for the rest of its lifetime). PPK =  perovskite .
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The influence of the perovskite lifetime on the environmental impacts of perovskite/Si
tandem solar modules is evident. The results confirm that the longer lifetime of the

perovskite layer results in better environmental outcomes for both Scenarios (1 and 2).

Considering Scenario 1 (Figure 31) it can be observed that for human health and
ecosystems the perovskite layer, even if it could reach a lifetime of 25 years, the
impacts are still slightly worse than both types of Si studied. For resource depletion, the
tandem structures need to reach at least 25 years to be able to produce equal or lower

environmental impacts compared with Si (p-n junction and HJS).

Scenario 2 presents different results, which is expected due to the assumptions made

(transparency and conductivity of the perovskite layer).

Considering human health, the perovskite(Al)/Si can match the impacts with Si (both p-
n junction and HJS) if the perovskite layer can achieve 10 years or more lifetime.
However, for the other two perovskites/Si structures (using Ag and Au as the metal
grid) the impacts continue to be higher than Si single junction even if the perovskite

layer reaches 25 years of lifetime.

For ecosystems, even if the perovskite layer reaches 25 years of a lifetime, the impacts
are still higher than from Si p-n junction modules. The perovskite(Al)/Si tandem can
compete with Si HJS, regarding endpoint ecosystems impacts, if the perovskite layer

reaches a lifetime of 25 years.

Finally, considering resources depletion, both perovskite/Si using Ag and Al as the
metal grid can achieve lower environmental impacts if the perovskite layer reaches a
lifetime of 10 years compared with both types of Si. For perovskite(Au)/Si the lifetime to
be achieved would be around 20, for the environmental impacts to be lower than for Si

(p-n junction and HJS).
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5 LCA of Chalcogenide/Si Tandem Solar Modules

Chalcogenide is a family of thin-film PV materials, with similar crystal structure, that

includes compounds such as CdTe, CIS, CIGS and CZTS [241]. The bandgap of CdTe

solar cells makes them not suitable for Si tandem structures [72].

CIGS is a semiconductor with very high optical absorption coefficient because it is a
direct band gap material. Its band gap can be tuned between 1.0 and 2.4 eV by varying
the In/Ga and Se/S ratios . Best cell efficiency of approximately 15.7 £+ 0.5 % has
been achieved for high bandgap . The possibility of a high band gap makes CIGS
an attractive material in tandem solar cells . Because of the progress in this

technology, CIGS is already in production, as single material modules, with a small

market share [242].

CZTS (kesterite) is very similar to CIGS in optoelectronic and crystallographic
properties, as well as in methods of IDEULFDWLRQ E XWndiuw, ihRiHIY @ TW X VI
scarce metal and an essential challenge for the CIGS technology . Nevertheless,
researchers are showing that CZTS is the most promising current alternative to CIGS

and CZTS/Si tandem cells are expected to be of increasing interest. The first step

was to demonstrate CZTS epitaxy on Si, which has already been confirmed [25-27].

Recently, modifications of CZTS have been proposed where either Zn or Cu is
replaced by other elements in order to produce higher band gaps [29]. One example is
AZTS, wherein Ag replaces Cu . The possibility of high bandgaps, where AZTS can
achieve a direct band gap of 2.0 eV , makes AZTS/Si tandem solar cells an

interesting possibility.

This chapter compares the environmental impacts and the EPBT of CIGS/Si, CZTS/Si

and AZTS/Si tandem solar modules, compared with Si technologies. Up to this work
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161}, LCA has not been reported for the chosen tandem solar modules, to the best of

WKH DXWKRUV.YT NQRZOHGJH

5.1 Methods

The LCA methodology is described in Chapter 3. This section complements the
general description with detailed data for the chalcogenide/Si tandem PV modules
analysed, assuming that these tandem solar cells have an ideal tunnel junction and
neither electrical resistance nor optical loss at the interface between the top and bottom

cells.

This LCA assumesan DGMXVWPHQW RI WKH FKDOds& Which laffeets OD\HUV Y WKLF
the quantities of materials, of the top cells to match the currents generated in each sub-

cell of a tandem structure. 1um is assumed for high bandgap CIGS, which is thinner

than the normal absorber layer (i.e. 2 um) [243]. For CZTS the first tandem

experiments are focusing on demonstration of CZTS epitaxy on Si [25-27]. Based on

these experiments a thickness of 0.5 pm is assumed in this analysis, which is

approximately half of the normal absorber layer (i.e. 1 um) for CZTS.

A thickness of 0.5 um is also assumed for AZTS for an appropriate comparison in
relation to environmental impacts. Besides that, for this technology it is shown that the
use of a CdS buffer layer leads to device efficiencies less than 0.5%. This is why we
are assuming that an alternative stack with a FTO and MoO; buffer layers, which can

deliver a higher efficiency for this cell, is implemented . HJS silicon is assumed as

the bottom cell in this case [244]. The processes for the Si cells (p-n juntion and HJS)

and modules are the same as assumed for the perovskite/Si LCA.

124



The architectures assessed are shown in Figure 33 ZKHUH 3D” UBISS éh\MdpQ W V
of Si(p-Q MXQFWCRQontbpofSi(p-Q MXQFWLRQ DQG 3F" $=76 RQ W

tandem solar cell structures.

Figure 33: Different chalcogenide/Si tandem structures investigated (TCO = Transparent
conductive layer, BZO = boron -doped tin oxide, ITO = indium tin oxide, FTO = fluorine -

doped tin oxide, CdS - cadmium sulfide, MoO 3 = molybdenum oxide).

The lifetime, efficiencies and respective areas required to produce 1kWh of energy

(FU) considered in this LCA are shown in Table 22.

Table 22: Parameters used for the structures studied.

Module _Si (p-n Si (HJS) CIGS/Si CZTS/Si AZTS/Si
Parameters junction) Tandem Tandem Tandem
Efficiency - 0.18 0.20 22+ [245 22+ [245 22+ [245
Insolation kWh/mzlyr 1700 1700 1700 1700 1700
Energy kWh 1 1 1 1 1
Lifetime years 25 25 25 25 25
PR - 0.75 0.75 0.75 0.75 0.75
Area m? 0.17 0.15 0.14 0.14 0.14
*Assuming the same efficiency for comparison purposes.
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The inventory for the main chalcogenide layers in the tandem solar cells collected from

the literature [153|[246] and from personal communications with researchers based at

UNSW laboratories [247]. The complete inventory for the structures studied is

presented in Appendix.

5.2 Results and Discussion

5.2.1 Global Warming Potential

The results for GWP impacts are shown in Figure 34.

Figure 34: GWP (gCO 24/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem solar

modules.

It can be seen that the most significant impact comes from the Si treatment processes,
in particular, the production of SGS, multi-Si (p-n junction Si) and mono-Si (HJS), as
already discussed in the LCA of perovskite/Si solar modules (Chapter 4), mercury

emissions from the coal smoke are the main source of anthropogenic discharge and

mercury pollution in atmosphere [248
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The GWP results also show some significant impacts from the top layers of the tandem
solar cells studied. The production processes of CIGS, CZTS and AZTS are similar,
however, as we are considering different thicknesses, the consumption of energy is
higher for CIGS and, consequently, the GWP impacts are worse than for the other

tandems studied.

Comparing with Si, the GWP impacts from CZTS/Si and AZTS/Si tandem structures
are lower (p-n junction for CZTS/Si and HJS for AZTS/Si). However, the CIGS/Si
tandem structure has worse impacts compared with both Si technologies studied.

Electricity usage is the main contributor for this impact.

5.2.2 Human Toxicity Potential (Cancer and non  -Cancer Effects)

The results for HTP-CE and HTP-nCE are shown in Figures 35 and 36, respectively.

Figure 35: HTP-CE (kg 1,4-DCB.4/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem

solar modules.
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Figure 36: HTP-nCE (kg 1,4-DCB,/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem

solar modules.

It can be observed that the impacts come predominantly from the same layers for both

cancer and non-cancer effects and that the main contributor to these impacts is the Si

production (SGS), similarly to the results of perovskite/Si tandem modules (chapter 4).

The impacts from the chalcogenide layers are also significant, particularly for CIGS. In

the case of CIGS, the results come predominantly from the buffer layer (CdS), because

of the presence of cadmium (Cd). There are three possible ways of cadmium

absorption by humans: gastrointestinal, pulmonary and dermal [249

. Kidney damage

has long since been described to be the main problem for patients chronically exposed

to cadmium [250

. The respiratory system is affected severely by the inhalation of

cadmium-contaminated air

251

and long-term occupational exposure to Cd may

contribute to the development of lung cancer and high Cd exposure may induce kidney

and bone damage

252

253].
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The use of indium and gallium in the CIGS layer also produce a significant

environmental impact for human toxicity. Indium lung disease is recognised as a

potentially fatal disease caused by the inhalation of indium-containing particles.

Increased exposure has been linked with increased indium concentrations in blood

serum or plasma, which has been linked with poor health outcomes [254-256

. Gallium

exposure is growing, especially in occupational settings, and environmental exposure

may be of concern near industries such as mining and smelting, coal combustion, and

semiconductor manufacture

257].

5.2.3 Freshwater Ecotoxicity Potential

The results for FEcP are shown in Figure 37.

Figure 37: FECP (kg 1,4-DCB¢4/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem

solar modules.

In the case of CIGS and CZTS the toxic potential of Cd, from the CdS layer, raises

environmental concerns. Cd induces apoptosis (i.e. a process of cell death that occurs

in multicellular organisms)

258

and causes developmental deformities in fish [259].
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Because of that, the CdS layer has a significant contribution to this impact category.

The use of melamine-urea-formaldehyde in the CdS layer also contributes to local

formaldehyde emissions, causing toxicity to freshwater [260].

The use of copper and indium in the CIGS layer, when in excess, can affect fish

behaviour, causing stress and risking their lives [261]]262], increasing the FEcP

impacts.

The most significant FECP impacts, however, come from the SGS production

processes, and the reasons were discussed in Chapter 4.

5.2.4 Freshwater Eutrophication Potential

The results for FEUP are shown in Figure 38.

Figure 38: FEUP (kg PO 4q/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem solar

modules.

The FEuP impacts from the Si layers were presented in Chapter 4, but another

important impact comes from the chemical bath deposition of CdS. This is because this
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process uses ammonia, which is very toxic for aquatic organisms. Oxygen depletion

and high ammonia concentrations under hypereutrophic conditions can lead to

decreases in fish numbers as eutrophication rises [263-265].

5.2.5 Abiotic Depletion Potential

Figure 39 shows the ADP impacts for the processes studied in this LCA. It should be

noted that primary energy consumption and abiotic resource depletion are highly

related [266]. The use of electricity from non-renewable sources and metals in all the

steps of these processes are the main reasons for these impact results.

Figure 39: ADP (kg Sb ¢q/kWh) results for CIGS/Si, CZTS/Si and AZTS/Si tandem solar

modules.

The top cells (CIGS, CZTS and AZTS) have significant impacts in this category

because of the depletion of scarce metals [267] , explained in Chapter 3.

In this context, the importance of the development of recycling processes for materials
used in these cells is evident. It is not just environmentally beneficial to recycle these

materials, but there is also a high-value recycling approach of some metals and other
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materials used in PV modules. Besides the potentially harmful substances (e.g. Pb,
cadmium, and selenium) that should be removed and contained during treatment, there
are also rare materials (e.g. silver, tellurium, and indium) and materials with high

embedded energy value (e.g. silicon, glass) that can be recovered and made available

for future use through an efficient recycling process [268].

5.2.6 Energy Payback Time

The EPBT is calculated considering the efficiencies and lifetimes shown in Table 22.

The results for the tandem technologies studied in this LCA are shown in Table 23.

Table 23: Energy Payback Time (EPBT) for the technologies stud ied in this LCA.

Technology | AI-BSFSi | HJS Si CIGS/Si CZTSISi | AZTSISi
EPBT (years) 1.56 1.6 1.4 1.29 1.39

The EPBT of chalcogenide/Si tandem solar cells are better than Si (p-n and HJS),

which is in accordance with similar studies [105((269]. The main reason for that result is

because the efficiency of the tandem technologies is assumed to be higher than the

efficiency of Si.

The process that dominates the input energy is the SGS manufacturing process.
Designs that replace or optimise these processes or that improve the energy
conversion efficiency will improve the EPBT. Besides, it has been shown that the

impact of recycling of solar modules can improve the EPBT of several PV technologies

240].

As already explained in Chapter 4, the EPBT accounts for the energy use and
production and not for the GHG emissions, therefore, they are different than GWP

impacts.
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5.3 Endpoint (ReCiPe) Impacts

The endpoint impacts, based on the ReCiPe method, for Si (p-n junction and HJS) and

chalcogenide/Si tandem solar modules are presented in Figure 40.

Figure 40: ReCiPe results for Si (p -n junction and HJS) and chalcogenide/S itandem solar

modules .

The ReCiPe indicators show that the environmental impacts produced from the tandem
structures studied are slightly worse than those from Si (p-n junction and HJS). It is
essential to highlight that these relative impacts might change considering different
assumptions because the difference between the Si and tandem modules is not
substantial and the input data for the thin films are less reliable for potential future

mass production processes.
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Also, it confirms that the CIGS/Si tandem solar modules have greater ecological
effects, especially for human health and resources depletion. As discussed, the
production processes of the top layers (CIGS, CZTS and AZTS) are comparable, but,
the different thicknesses assumed in this LCA and the consequential dissimilar
consumption of energy (a thicker layer needs more energy to be made) influence in the
three endpoint impacts. As the ReCiPe method incorporated midpoint impacts such as
GWP, the energy consumption influences the most in the overall endpoint impact

assessment.

5.4 Sensitivity analysis

The stability of the tandem structures has been revealed to have a direct and important
relationship with the environmental impacts (Chapter 4). When proposing new PV
technologies, it is essential to look at the long-term outdoor stability of the modules, to

be part of the existing PV market, since the consumer expects high performance from

the solar modules in order to justify the investment [270].

The energy of the chemical bonds between the CIS semiconductor compounds, for

example, is reasonably high, which leads to a decent chemical and thermal stability

and reduces the risk of performance degradation over time [270].

Unfortunately, the knowledge of the lifetime of large-scale commercial CIGS modules is

still limited, as is their degradation rates [271]. However, CIGS module warranties state

WKDW WKH\ UHWDLQ RI WKHLU LQLWLDO SRZ2HWitIWHU

that in mind, the sensitivity analysis for the lifetime is not performed.

The analysis of the environmental impacts shows that, besides the Si processing, the
top layer (chalcogenide technologies) also has an essential contribution to all
categories. One of the reasons for that is the efficiency of these technologies. In order

understand the influence of the efficiency of these top layers (CIGS, CZTS and AZTS),
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a sensitivity analysis is performed (Figure 41), assuming efficiencies for the tandem

solar cells from 22 to 28%.

Figure 41: Sensitivity analysis assuming efficiencies from 22 to 28% for the

chalcogenide/Si tandem solar cells. CCG = chalcogenide.

Considering human health, both CZTS/Si and AZTS/Si can match the impacts of Si

(both p-n junction and HJS) if the tandem solar modules can achieve an efficiency of
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25%. For the CIGS/Si structure, the impacts continue to be higher than Si (p-n junction

and HJS) until the CIGS/Si module reaches around 28% of efficiency.

For ecosystems, all tandem structures have similar behaviour when the efficiency
changes. For CIGS/Si, CZTS/Si and AZTS/Si the efficiency needed for the tandem
solar modules to have equal or lower environmental impacts (related to ecosystems

indicator) is around 26% or higher.

Finally, considering resources depletion, the CIGS/Si presents the lowest
environmental impacts of the tandems and can have equal or lower environmental
effects relative to Si in this category if the tandem modules can achieve around 27% of
efficiency. For the other two structures studies (CIGS/Si and AZTS/Si), even with 28%
of efficiency, the impacts are still slightly higher than both types of Si (p-n junction and

HJS), mainly because of the use of silver.

Besides the efficiency, there is another parameter that can be further investigated. In
this analysis the thickness of the top layers was assumed to be 1 um for CIGS and 0.5
pum for CZTS and AZTS layers. The impacts from these layers are significant for most

of the impacts categories assessed and, thus, shuld be explored.

In order to better understand the influence of the top layer thickness in the overall
environmental impacts, different thicknesses for the chalcogenide layers are assumed
(Table 24) and a sensitivity analysis is performed (Figure 42), based on the ReCiPe

results (Human Health, Ecosystems and Resources).

Table 24: CIGS, CZTS and AZTS thicknesses assumed for the sensitivity analysis,

considering the tandem solar modules assessed in this LCA.

Thickness This 10% 20% 30% 40% 50%
LCA thinner thinner thinner thinner thinner
CIGS 1pum 0.9 um 0.8 um 0.7 um 0.6 pm 0.5 um
CZTS 0.5 pm 0.45 pm 0.4 pm 0.35 pym 0.3 pm 0.25 pm
AZTS 0.5 pm 0.45 pm 0.4 pm 0.35 pym 0.3 pm 0.25 pm
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Figure 42: Sensitivity analysis assuming chalcogenide layer thickness reduction from 10
to 50% compared to the original thickness calculated in this LCA, which is 1 pum for CIGS
and 0.5um for CZTS and AZTS .
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For all ReCiPe categories, the tickness of the top layer (CIGS, CZTS and AZTS) is

directly proportional to the envirnmental impacts.

For human health, both CZTS/Si and AZTS/Si can match the impacts with Si (both p-n
junction and HJS) if the chalcogenide layer is 50% thiner that the previous calculeted
(in this LCA 0.5 ym). The human health impacts for the CIGS/Si structure remain
higher than Si (p-n junction and HJS) until even if the thickness is 50% reduced than

the original (in this LCA 1 um).

Analysing the effects on ecosystems, it can be seen that the CZTS impacts is the most
affected by the thickness. However, even with 50% of the original thickness calculated
in this LCA, none of the tandem structures is able to have lower ReCiPe ecosystems

impacts then both Si technologies.

Considering the ReCiPe resources impacts, the AZTS/Si presents the highest results

compared with the other structures analysed, mainly because of the use of silver.

It can be observed that, even with a reduction of 50% of the original thickness, all

tandem solar modules still have higher impacts than both Si technologies.

5.5 Possibilities for environmental optimisation

There are several possibilities for environmental improvement in the production
process of the technologies studied in this LCA, including the reduction of material
consumption for the production of the cells, more efficient manufacturing processes

and higher energy conversion efficiency.

One possibility to reduce the impacts of the Si treatment is to use different approaches
such as the use of solar grade Si (SGS). The energy consumption to produce SGS is
estimated to be 25-30 kWh/kg of product, which is a significant reduction, compared to

the EGS production via the conventional Siemens (approximately 120-160 kWh/kg of
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product) [273], but at some cost to efficiency. Besides that, most of the LCA studies of

PV technologies consider the primary energy to produce the modules as being from
mostly non-renewable sources, following the standard convention of assuming cells

and modules are produced with electricity generated from the actual generator mix

typical of the manufacturing regions 129|(274). However, as the PV prices falls and

installations grow rapidly, it is possible to consider, instead, that they could be

fabricated exclusively with the electricity from earlier PV modules that were produced

from the same or similar facilities [275], which could lead to a new understanding of

environmental impacts from solar modules. Examples of solar energy being directly

linked to industrial and horticultural businesses already exist in Australia [276-279] and

others are planned [280].

Besides, recycling could lead to economic and environmental benefits [281](282],

particularly with metals recovery [283], or the separation of the PV wafers for their

potential reuse in new panels. It is estimated that the reuse of the cells from a standard

PV module (72 cells of dimension 125 mm x 125 mm, Tedlar as backside foil and an Al

frame) implied an overall reduction of the GWP by 59.2 kg COq, for example [281].

Until now, the total amount of reclaimable material from thin-film solar cells has been

low (not including module materials and frame and glass), which makes it unlikely that

the recovery of elements from spent modules is economically warranted [268].

However, the environmental impacts of disposal should be considered [284].

Processes for recycling thin-film solar modules have been already developed, mostly
for CdTe and CIGS technologies. The recovery of semiconductor materials from CIGS

thin-film modules was demonstrated, showing the possibility of thermal and mechanical

separation of the cover glass and subsequent chemical treatment [285]. After that,

valuable metals can be recycled from CdTe and CIGS modules through
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hydrometallurgical and pyrometallurgical processes that can recover Cu, In, Ga and Se

286-288].

Besides these improvements, some significant impacts come from the CdS layer in
CIGS/SI and CZTS/Si tandem technologies. It can be seen in the results (HTP =+
cancer and non-cancer, FEUP and FEcP) that changing this layer for MoO,, for
example, can reduce the environmental impacts. Environmental improvements may be
achieved for all layers, and with this discussion, we aim to encourage researchers to
keep searching for materials that can yield cells with high efficiency but having reduced

environmental costs.
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6 LCA of Advanced Si Solar Modules

Chapters 4 and 5 presented LCA of different possibilities for Si-based tandem solar
cells. In both those studies the main impacts come from the Si treatment processes,

mostly because of the intense use of electricity.

Continuous developments are being reported for PV materials and, especially for c-Si
wafer solar cells and there are many variations of the existing production processes

that are intended to improve module performance [32].

The AI-BSF is the current industry standard process but the PERC technology
is gaining significant share in the world market and is expected to replace Al-BSF as
the dominant technology in the future (around 60% share expected in 2027) . So,
attention is focussed on the silicon bottom cells in this Chapter, exploring the impacts

from different choices for production.

These technologies experience degradation processes due to multiple mechanisms.
One example is light induced degradation degradation (LID), which is caused by the
charge carriers generated by illumination and can severely impact the FHOOVY

performance . The interactions with hydrogen of impurities and defects within Si

have been intensely studied for decades .

The hydrogenation process, in which atomic hydrogen is forced into the silicon
material, has recently become better understood and more controllable and offers

improvements to the electrical performance and stability of Si solar cells from different

feedstocks [289(|290]. The laser hydrogenation [291] (LH) and the hydrogenation in a

firing furnace [290] (FH) processes are included in the analyses in this Chapter.

Until now, LCA has not been reported for PERC or the hydrogenation processes

considered, to the best of the author § knowledge, prior to this work [292]1293]. This

141



Chapter presents a comparative environmental analysis, including EPBT, of Al-BSF
and PERC solar modules considering SGS, EGS and UMG-Si feedstocks, as well as

the ecological effects of hydrogenation (LH and FH) methods.

6.1 Methods

This section describes the specific information for PERC solar cells and two different
hydrogenation processes, as an addition to the LCA methodology described in Chapter

3.

6.1.1 Goal and Scope Definition

The aim of this chapter is to compare the environmental impacts and the EPBT of Al-
BSF and PERC solar modules using different Si feedstocks. After that, using the same
functional unit (FU), the best results are selected and the impacts of these modules

with and without the addition of hydrogenation processes are compared.

Figure 43 shows the AI-BSF and PERC structures studied.

Figure 43: Al-BSF and PERC basic structures.
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Table 25 shows the process steps for AI-BSF and PERC technologies.

Table 25: Al-BSF and PERC production process steps.

Al-BSF PERC Data Source

Treatment of MGS to achieve a purity of 99%.
EGS, SGS and UMG-Si. a0[|421204

Crystal growth (mono c-Si) via Czochralski (CZ) process. 40"295
Si wafer production (sawing and cleaning).
PV cells production steps, Al-BSF cells production steps N
including rear Screen print + Rear Passivation Layers | Al-BSF: 40"42 296"297
Ag/Al, front Screen Print Ag and Dielectric Openings PERC: [ﬁ 296]
and standard Firing processes

Module fabrication and Installation

Disposal of inert material to landfill (no direct emissions).

Table 26 presents the efficiencies, lifetimes and other important parameters used to

compare these two PV technologies.

Table 26: Parameters used for the Al

-BSF and PERC technologies studied.

Cell technology Al-BSF Al-BSF Al-BSF PERC PERC PERC
Parametili'sFeedStOCk EGS SGS | UMG-Si | EGS SGS | UMG-Si
Initial module eff. | 0.180 [32] |0.171 [298]|0.165 [299]| 0.191 [32] | 0.182 [32] |0.180 [299]
insolation| kwh/m?yr | 1700 1700 1700 1700 1700 1700
energy kWh 1 1 1 1 1 1
lifetime years 25 25 25 25 25 25
PR - 0.75 0.75 0.75 0.75 0.75 0.75
area m? 0.174 0.183 0.190 0.164 0.172 0.174

*Assumed efficiencies based on a 90% abs. ratio from cell to module efficiency.
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A module with low degradation rate can be expected to produce more electrical power
over its lifetime than for one with a high degradation rate, for the same initial power
rating. Light-induced degradation (LID) impacts the performance of solar cells and the

primary cause is the interaction of boron with oxygen atoms present in the Si, resulting

in a reduction in the performance of the material [300].

The level of this type of degradation is also dependent on the quality of Si material

used [300{(301]. The LID mechanism is less apparent for multi-Si cells, compared to

mono-Si, because they have a lower concentration of oxygen. For mono-Si the LID

effects are significant and cause considerable performance reduction of cells made on

p-type Czochralski (Cz) grown Si [302].

PERC cells that use mono-Si are more sensitive to LID, compared with Al-BSF cells.

The high degradation that occurs in PERC is mainly due to the stronger dependence of

efficiency on bulk lifetime in high-efficiency solar cell structures [303||304]. But, the LID

degradation process in PERC is strong in the first year of exposure and then slows

305}, although researchers have also used linear degradation simplifications .

This LCA assumes the worst case for PERC, in which all the degradation occurs in the

first year. The resulting equivalent average lifetime efficiency is estimated, based on

the assumption of 0.5% abs. [300] degradation per year over a 25-year lifetime for Al-

BSF technology from initial efficiencies, as shown in Table 26.

The avoidance of some degradation processes can be achieved by hydrogenation
processes, as already discussed. The advanced hydrogenation techniques considered
in this chapter are the LH and the FH processes, which have been successfully tested

in Si solar cells.

The LH process [291] activates and then passivates defects in the Si solar cells using

high-intensity laser illumination . This process allows complete stabilisation of
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degradation mechanisms related to boron ixygen reactions in solar cells [289]. The

FH process [290] controls the charge state of the hydrogen through in-furnace

illumination in the contact firing step. For this LCA we are assuming a conventional

industrial firing process [290].

The assumptions for initial module efficiency, module lifetime and the process steps for

hydrogenation methods are shown in Table 27. The PERC technology is chosen to be

analysed, because the LID effects in this type of cell are more significant when

compared with AlI-BSF, as mentioned previously in this chapter.

Table 27: Parameters used for the hydrogenation techniques studied (considering PERC

cells).
Sl el PERC PERC PERC PERC PERC PERC
LH LH LH FH FH FH
Parametzl‘sFeedStOCk EGS SGS | UMG-Si | EGS SGS | UMG-Si
Initial module eff. 0.211 0.202 0.200 0.211 0.202 0.200
insolation kWh/mZ/yr 1700 1700 1700 1700 1700 1700
energy kWh 1 1 1 1 1 1
lifetime years 25 25 25 25 25 25
PR - 0.75 0.75 0.75 0.75 0.75 0.75
area m? 0.157 0.165 0.171 0.147 0.154 0.159

*Assumed efficiencies based on a 90% abs. ratio from cell to module efficiency.

6.1.2 Inventory Analysis

For a generic p-type mono-Si PERC implementation , the inventory is based on

estimations using equipment information from manufacturers indicating the throughput

and electricity usage [296]. The process data for UMG-Si are collected from the

literature and are based on a pilot plant, which can be considered very similar to

an industrial plant in terms of equipment dimensions
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shown in the appendix, as are the specific data for both hydrogenation processes (LH

and FH).

6.2 Results and Discussion (PERC Technology)

6.2.1 Global Warming Potential - PERC

The results for GWP impacts are shown in Figure 44.

Figure 44: GWP (gCOzq/kWh) results for Al -BSF and PERC solar modules.

The GWP results show that the most significant impacts arise from the growing of

mono-Si and the EGS processes, in accordance with Chapter 4 and 5.

The influence of the mono-Si ingots is primarily due to the Czochralski (CZ) process,
which was briefly discussed in the perovskite/Si LCA (Chapter 4). In this case it
represents approximately 35%, 45% and 51% of the total GWP impact for EGS, SGS

and UMG-Si, respectively.
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Comparing the different Si feedstocks, the modules that use SGS and UMG-Si have
better environmental outcomes compared with EGS, due to the lower use of energy

during the Si purification process.

The efficiency improvements due to the PERC technology also influence the
environmental outputs. This is because of the lower energy usage required to produce
the smaller module area required to collect the same amount of solar-derived energy (1

kWh-)8 RI WKLV /&% GXULQJ WKH PRGXOHTV OLIHWLPH

6.2.2 Human Toxicity Potential (Cancer and non  -Cancer Effects) - PERC

The results for HTP-CE and HTP-nCE are shown in Figures 45 and 46, respectively.

Figure 45: HTP-CE (kg 1,4-DCB¢4/kWh) for Al -BSF and PERC modules.
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Figure 46: HTP-nCE (kg 1,4-DCBeqg/kWh) for Al -BSF and PERC modules.

As the previous chapters (perovskite/Si and chalcogenide/Si LCAs), the most
significant HTP impacts are from the mono c-Si ingot growth process, considering both

cancer and non-cancer effects. As already discussed, these impacts are a

consequence of the substantial amounts of electricity required by the CZ process [123

229].

The cell and module fabrication processes also present some significant impacts for

this category, as mentioned in the Chapters 4 and 5.

The impacts of the disposal step on human health are related to the assumption that

the modules go to landfill. Particularly, lead exhibits high cancer and non-cancer

toxicity potential for humans [231] ,W LV LPSRUWDQW WR KLIJKOLJKW WKDW LPS

and their human toxicity potentials (e.g. from heavy metals) have uncertainties and

these results must be interpreted with caution [307]. It can also be seen that the use of

the PERC technology reduces these impacts, mainly due to its improved efficiency.
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6.2.3 Freshwater Ecotoxicity Potential - PERC

The results for FEcP are shown in Figure 47.

Figure 47: FECP (kg 1,4-DCB¢y/kWh) results for Al -BSF and PERC solar modules.

It can be seen that UMG-Si generates similar environmental impacts for this category,
compared with the other Si feedstocks analysed (EGS and SGS). Therefore, since the
UMG-Si produces cells, and consequently modules, with lower efficiency, the FEcP

impacts of the modules using UMG-Si feedstock are higher per FU.

As already discussed in Chapter 4, the cell production and module fabrication phases
have the most important FEcP impact, which are mainly from the silver-based paste

and glass production, respectively .
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6.2.4 Freshwater Eutrophication Potential - PERC

The results for FEuP are shown in Figure 48.

Figure 48: FEUP (kg PO 44/kWh) results for Al -BSF and PERC solar modules.

This impact is dominated by emissions to air and freshwater, including nitrogen oxides,
phosphate and nitrate arising from the Si purification treatment and cell manufacturing
processes. In the module production stage, encapsulant, backsheets and aluminium
frame are the main contributors to this impact category because phosphate and
nitrogen oxides are emitted during their production and life cycle, as already presented

in Chapters 4 and 5.

The PERC solar modules present lower impacts when compared with the similar Al-
BSF Si feedstock structure. The main factor for these effects is the better efficiency
from the PERC technology, coupled with the low incremental impacts from the

additional steps that this technology requires.
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6.2.5 Abiotic Depletion Potential

Figure 49 shows the ADP impacts for the technologies studied in this LCA.

- PERC

Figure 49: ADP (kg Sb ¢q/kWh) results for Al -BSF and PERC solar modules.

The impacts are mainly from the use of metals, such as copper and silver in the cells

and Al in the module production phase, which was mentioned in Chapters 4 and 5.

As it can be seen, the EGS has higher impacts because this process uses more energy

per FU when compared with SGS and UMG-Si and that the modules that use PERC

solar cells have lower impacts related to abiotic depletion compared with Al-BSF,

mainly because of the higher efficiency of the PERC technology.

6.2.6 Energy Payback Time - PERC

Considering the parameters shown in Table 26, the EPBT results are shown in Table

28.

Table 28: EPBT results for mono -Si Al-BSF and PERC (EGS, SGS and UMG -Si feedstock).

el Al-BSF Al-BSF Al-BSF PERC PERC PERC
9y (EGS) | (SGS) | (UMG-Si) | (EGS) | (SGS) | (UMG-Si)
EPBT (years) 1.55 1.47 151 138 | 131 1.27
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The higher EPBT value for EGS is a consequence of the more intensive use of energy
per FU in the EGS refinement process than for SGS and UMG-SIi, and the higher
efficiency does not sufficiently compensate for it. Both higher efficiencies and the use
of less energy during the process produce better EPBT results from the PERC

structures that use SGS and UMG-Si, whose results are similar to each other.

6.2.7 Endpoint (ReCiPe) Impacts - PERC

The endpoint impacts, based on the ReCiPe methodology, are presented in Figure 50

for AI-BSF and PERC solar modules using different Si feedstocks.

Figure 50: ReCiPe results for Al -BSF and PERC with different Si feedstocks.
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The comparison of the three ReCiPe indicators verifies that, for the assumptions made
for and the data collected in this LCA, the lowest environmental outcomes are from the
modules with PERC cells using SGS or UMG-Si, with a slight advantage for UMG-Si

feedstock.

As discussed in the previous LCA chapters, energy use influences in most of the
assessed impact categories, such as global warming and toxicity potential and,
consequently, it influences all three impact categories considered in the ReCiPe
method. Because of that, all endpoint categories analysed are strongly affected by

energy usage.

6.3 Results and Discussion (Hydrogenation Process)

The results show that, mainly because of the higher efficiency, PERC solar modules
have lower environmental impacts than the AI-BSF technology. However, besides
efficiency gains, the examination of the influence of the degradation processes is also

important in order to reach even lower ecological effects.

The environmental results considering LH and FH processes, compared with PERC

without hydrogenation are shown in Figure 51.
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Figure 51: Environmental impacts results for PERC with LH and FH solar modules, where
the black dots represent the total impacts from the PERC technology (with the respective
Si feedstock), previously presented in this chapter

Compared with PERC, it can be seen that the application of both hydrogenation

processes, and the consequential reduction of the degradation process of the cells,
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results in lower GWP impacts for the three different Si feedstocks analysed. The
contribution to the environmental costs of the additional steps (laser hydrogenation or
hydrogenation in a firing furnace) is minimal compared with the impacts from other

process steps.
6.3.1 Energy Payback Time z*Hydrogenation

Considering Table 27, the EPBT results are shown in Table 29.

Table 29: EPBT results for PERC with LH and FH solar modules.

Cell technology | PERCLH | PERCLH | PERCLH | PERCFH | PERCFH | PERC FH
Si Feedstock EGS SGS UMG-Si EGS SGS UMG-Si
EPBT (years) 1.35 1.28 1.25 1.35 1.28 1.25

Considering the hydrogenation processes, the EPBT presents a positive change if
compared with the PERC technology without hydrogenation (Table 28), considering the
respective Si feedstocks. The improved performance of these modules results in lower
EPBT, which shows the importance of hydrogenation not only for the best

environmental results but also for the efficient use of input energy.

From these analyses, we can see that the best results are shown by the PERC (UMG-
Si) with hydrogenation (either LH or FH), because of the lower usage of energy during

the Si treatment process and increase in the efficiency of the devices.

6.3.2 Endpoint (ReCiPe) Impacts *Hydrogenation

The endpoint impacts for PERC with LH and FH solar modules using different Si

feedstocks are presented in Figure 52, based in the ReCiPe methodology.

It can be observed that the hydrogenation processes (LH and FH) have positive effects

on the outcomes in all categories (human health, ecosystems and resources) when
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compared with PERC solar modules and the respective Si feedstock. The degradation
reduction (benefit over the lifetime) and the improvement in the efficiency result in low

environmental impacts.

Figure 52: ReCiPe results for PERC with LH and FH solar modules , where the black dots
represent the total impacts from the PERC technology (with the respective Si feedstock),

previously presented in this chapter.
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6.4 Possibilities for environmental optimisation

The recycling of cells and modules materials can conduce to environmental benefits

283]. Different methods for recycling Si-based modules that can achieve a good

recovery of the range of materials in these modules are being developed worldwide

308-312]. Because c-Si leads the market , the trend is that the processes for

recycling this technology will improve faster than for other technologies. The most

common recycling process for ¢-Si modules, which is commercially available in Europe

313], can recover about 80% of materials from these modules, and the recuperated

materials can also have high commercial value through the industrialisation of more

complex processes that are currently being studied at laboratory scale [314((315],

although the economic costs are still high.

Moreover, the use of renewable energy as the main primary source of electricity in all
processes studied would reduce the environmental impacts. The main problems with
consuming power from non-renewable sources are the impacts related to the extraction
of the raw materials (e.g. coal, petroleum and natural gas) and the emissions during

the electricity production process.

The environmental impacts directly depend on the lifetime of the PV cells and modules

and on their stability, which is affected by several degradation processes, such as

potential-induced degradation [316], moisture-induced degradation [317] and light-

induced degradation [318]. The environmental investigation conducted in this chapter

verifies the benefits from the hydrogenation technique, which can lead to low
environmental impacts when compared with cells that present degradation through the

LID mechanism.

Both efficiency and lifetime are challenges that are being actively addressed by the

research community, and the costs and benefits of improvements should be further
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studied from an environmental point of view. The guidance provided by the results of

an LCA is essential in the search for better technologies.
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7 Discussion an d Conclusions

The current world electricity supply chains are dominated by the use of sources that
consume significant quantities of non-renewable materials and fossil fuels, and, as a
consequence have a lot of environmental impacts, such as carbon emissions and
abiotic depletion. Considerable effort is being made worldwide trying to decarbonise

that inappropriate energy system, aiming to reduce by 2050 the global GHG emission

by, at least, 80% [319|(320].

Electricity is indispensable in modern civilisations, and emissions data related to
electricity generation, such as kg of CO, per energy production, are often used for
accounting and reporting purposes, not just for the R&D community but also for the
general public. The electricity sector needs to reduce its emissions even more, and the

aim is 85% reduction by 2050 to accomplish the global warming emission reduction

target [321]. To achieve this goal, the investment in several sectors related to

renewable electricity supply is growing, including hydro, thermal and PV solar, onshore

and offshore wind, biomass and geothermal.

According to the Intergovernmental Panel on Climate Change (IPCC) [322], in 2014,

the world's CO,, emissions were approximately 27 Gt from multiple sources, of which

37% (about 10 Gt) were from the electricity sector. The International Energy Agency

(IEA) has warned that emissions in 2018 are set to rise (Figure 53) [323].
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Figure 53: Predictions from the International Energy Agency (IEA) for the global
energy -related CO , emission from 2000 to 2018 (Figure from [294]).

There are several different electrical generation methods, each having advantages and
disadvantages related to the operational cost, environmental impacts, and other
factors. Each one of them produces different quantities of GHG emissions during
construction, operation (including fuel supply activities), and decommissioning
processes. There is a variety of opportunities to reduce GHG emissions associated
with electricity generation, transmission, and distribution, such as increasing the
efficiency of existing power plants (renewable or non-renewable), fuel switching and

use of renewable energy sources, improving the energy utilization of the end-user,

investing in carbon capture sequestration and storage etcetera [324].

Most probably, there will never be one single perfect technology for the whole world,
but instead, a range of the most suitable energy sources depending on the location,

application, power demand and available infrastructure. PV technology can be
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considered one of those sustainable energy options comparing the CO,, emissions

from other sources of energy (Figure 54), for example.

Figure 54: Average of life cycle CO ,.q emissions from commercially available electricity
supply technologies in gCO2eq/kWh 322].

In comparison with nuclear and wind technologies, the current PV emissions are still

relatively high, especially when installed at low-irradiation regions. Therefore, the

development of this technology is essential to maintain the sustainable goal of PV solar

modules and ensure good prospects for further reduction of the GHG emissions and

other environmental impacts. Besides, solar PV has important advantages when

compared with other renewable sources of energy, such as low maintenance costs
VRODU HQHUJ\ VAVWHPVY JHQHUDOO\ GRQTW UHTXLUH D

occasional cleaning), can be installed in cities, on factory roofs, other buildings
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etcetera, and, although solar systems require an upfront investment for their

installation, they otherwise operate silently and unobtrusively at very low costs [322].

In this thesis, LCA studies were conducted assessing GWP, HTP-CE, HTP-nCE, FECcP,
FEuP, ADP and EPBT impacts of Si-based tandem solar modules, including
perovskite/Si tandem (using Ag, Au and Al as metal contacts) and chalcogenide/Si
tandem (considering CIGS, CZTS and AZTS top cells) solar modules as well as
advanced technologies for Si-based solar modules such as the PERC structure and

hydrogenation processes (LH and FH).

The results were briefly discussed in Chapters 4, 5 and 6, but will be further examined

in this chapter, which also drawn conclusions to this thesis.

7.1 Silicon -based tandem solar modules

Through the analyses of the LCA studies conducted for perovskite/Si and
chalcogenide/Si tandem devices, it becomes clear that the most significant impacts
come from the Si bottom cell, mostly due to the intense use of electricity during the Si
treatment processes. Alternative methods should be studied to find new routes that can
produce good quality materials using lower quantities of energy. These results are in

line with the literature, as presented in Chapter 2.

Comparing the Si bottom layer technologies, p-n junction Si (multi-Si feedstock)
modules have lower GWP, HTP-nCE and FEuUP impacts compared with HJS (mono-Si
feedstock), mainly because of the use of the different Si purification processes. For the
other categories considered, which are HTP-CE, FEcP and ADP, the impacts are

similar, but also related to the use of mono-Si and multi-Si feedstocks. The processes
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to fabricate these types of Si require different amounts of energy input, as mentioned in
Chapter 2, which is related to the environmental impact because of the assumption that
the primary energy comes from coal combustion, considering the electricity mix from

China (approximately 70% of coal).

As mentioned, when coal is burned it releases several toxins and pollutants to air, land
and water. Among these substances, there are Hg, Pb, sulfur dioxide, nitrogen oxides,
particulates, and various other heavy metals that might affect human health, such as
through asthma and breathing difficulties, brain damage, heart problems, cancer,

neurological disorders, and premature death, as well as the environment.

For the perovskite/Si structures, the lifetime of the perovskite top cells used in the
tandem structures is the key point for better environmental outcomes and has a drastic
influence in all impact categories analysed in Chapter 4. For the majority of them, the
perovskite/Si tandem devices have poorer environmental outcomes compared with Si
(p-n junction and HJS), mainly because of the stability of the perovskite layer and
energy use during the Si production process. The transparency and electrical
conductivity of the perovskite layers after failure, if they could be engineered, would
also contribute to lower ecological impacts. For the majority of the impact categories
analysed, the most significant environmental impacts from the perovskite cell comes
from the Au grid and Spiro-OMeTAD (due to the solvents used), which requires further

development of perovskite solar cells, while maintaining cell performance.

Considering the major influence of the cell lifetime on the environmental impacts of
perovskitetop FHOOV D VHQVLWLYLW\ DQDO\VLYV ZDV S&tIRUPHG
one year of lifetime, the perovskite layer fails and becomes transparent and still
electrically conductive, making it possible for the Si cell to generate power during its

whole lifetime ~ by varying the lifetime for perovskite cells. The results from this
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analysis verify that the longer lifetime of the perovskite layer increases the total

efficiency of the device for longer, resulting in better environmental outcomes.

From the analysis presented in Chapter 4 the tandem structure offering the best
environmental outcomes is the perovskite/Si tandem using a p-n junction Si solar cell
(rather than an HJS cell), Spiro-free perovskite cell and Al (rather than Ag or Au) as the
top electrode. The EPBT results show that perovskite/Si tandem solar cells outperform
Si technologies, mainly because the efficiency of perovskite/Si tandem solar modules is
assumed to be higher than Si single junction (either p-n junction or HJS) modules. As
mentioned, the EPBT is related with the energy consumption and production, not
considering the environmental impacts from the GHG emissions. Because of that, the
EPBT results differ from the GWP impacts. However, it is important to highlight that the
EPBT results are higher than 1 year, and currently the perovskite technologies are not
able to last that long. The EPBT was calculated considering efficiencies of 27% for
perovskite (Ag and Au)/Si (HJS) tandem and 24% for perovskite (Al)/Si (p-n junction)

tandem solar modules.

The LCA of chalcogenide/Si is presented in Chapter 5 and the GWP results show that
the CZTS/Si and AZTS/Si tandem structures studied have lower impacts than than the
corresponding Si single junction modules (considering p-n junction Si for CZTS/Si and
HJS for AZTS/Si). However, the CIGS/Si tandem structure has worse impacts
compared with both Si technologies studied, considering the assumptions made. These
impacts are mainly due to the energy use during the production processes of the
chalcogenide solar cells. The production processes of CIGS, CZTS and AZTS are
similar but different thicknesses are assumed, which results in distinct consumptions of
energy in manufacture. The thickness of the CIGS layer is assumed to be greater than

that of CZTS and AZTS and, consequently, the GWP impacts are worse for the
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CIGS/Si tandem structure than for the other modules studied, as discussed in Chapter

5.

The main HTP (CE and nCE), FEcP and FEuUP impacts come from the CdS layer, as a
consequence of the presence of cadmium (Cd) in its composition. This layer is verified
to be toxic not just for humans but also for fauna and flora. Much work has already
been done to try to replace this buffer layer in CIS and CIGS solar cells, but there is still
a lot to be done in this area to find a reliable and effective replacement for CdS.
Replacing the CdS buffer layer will reduce the environmental impacts from this cells, so
we suggest researchers keep focusing on alternative buffer layers to CdS with the

same efficiency, but without the use of toxic substances.

The ADP results show that the use of metals and other materials is also a problem.
The recycling of toxic elements as well as scarce metals is significant to reduce the
environmental impacts in all categories evaluated, especially ADP. Specifically for
CIGS, indium is a crucial element, and its scarcity is a concern for scaling up CIGS

module production to the terawatt level.

Additionally, in order understand the influence of the efficiency of the chalcogenide top
layers studied, a sensitivity analysis was performed, assuming efficiencies for the
tandem solar cells (CIGS/Si, CZTS/Si and AZTS/Si) from 22 to 28%. Considering
ReCiPe categories, this analysis showed, unsurprisingly, that the greater the efficiency,
the smaller the impacts. Also, particularly for resources depletion, the CIGS/Si presents
the lowest environmental impacts of the tandems and can have equal or lower
ecological effects in this category if the tandem modules can achieve around 27%

efficiency.

Besides the efficiency, the effect of thickness of the chalcogenide layers was also

analysed, because the impacts from these layers are significant for most of the impacts
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categories assessed. The results showed that, for all ReCiPe categories, the thickness
of the top layer (CIGS, CZTS and AZTS) is directly proportional to the environmental

impacts.

7.2 Advanced silicon -based solar modules

Chapter 6 presented an LCA of PERC technology and different hydrogenation
processes considering SGS, EGS and UMG-Si feedstocks, and the results
demonstrate that the increase in the performance of PV modules can result in better
environmental impacts when considering most of the categories analysed and, as
already discussed, the most significant overall impacts come from the Si treatment

processes.

PV modules with PERC solar cells using SGS or UMG-Si feedstocks present lower
GWP impacts compared with Al-BSF using all analysed Si feedstocks and PERC using
EGS feedstock. The use of PERC technology with UMG-Si show the best outcomes,
compared with the other modules studied in this LCA, which encourages studies of cell
and module performance improvements using low quality Si. These conclusions are
reinforced by the analysis of the EPBT that shows the importance of the effective use
of energy input. It was observed that the structures using EGS present higher EPBT
than the structures that use SGS or UMG-Si feedstocks, which is mainly due to the
intensive use of energy in the EGS process compared to the other Si feedstocks. The
lowest EPBT value is from the modules using UMG-Si, mainly because of the low use
of energy during the Si treatment process compared with the other feedstocks

analysed.

Significant human and freshwater toxicity impacts come from the cell (both Al-BSF and

PERC) and module fabrication processes. The main substances that contribute in
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these environmental categories are Pb, arsenic, copper, nickel and mercury, although
emissions to air and freshwater are mostly generated from the silver paste in cell
production, glass production process for the modules and the overall electricity usage

during these processes.

The key finding of the analysis of the PERC technology is that the improvements in the
PRGXOHVY HIILFLHQF\ WKURXJK WKH DGRSWLRQ WKLV W\S
electricity input for the Si feedstock (SGS and UMG-SI) result in lower environmental
impacts when compared with AI-BSF cells and EGS feedstock. It is essential to
emphasise that a small contribution to low environmental impacts arises from the
PERC improvements in the cell/module efficiency, while the most significant is from the

use of Si feedstock (SGS or UMG-Si).

The hydrogenation process also shows that the improved efficiency and the benefits
over the lifetime, due to the reduction of the LID effects from the hydrogenation
processes (LH and FH), positively influence the environmental outputs when compared
with PERC cells without hydrogenation. Besides that, for all impact categories
analysed, the UMG-Si combined with the hydrogenation process result in lower
environmental outcomes when compared with the other Si feedstocks assessed.
Regarding EPBT, the modules using hydrogenated solar cells show lower values,
which demonstrate the importance of these processes not only for the best

environmental results but also for the effective use of energy input.

7.3 Summary

Conducting LCAs on new technologies is indispensable in the search for materials and
processes that have the lowest environmental impacts possible, which was reinforced
in this thesis. The energy use during the Si treatment is the main contributor to the

majority of the ecological effects assessed.
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The impacts from the disposal of solar modules are not significant compared with the
impacts of the production processes. However, recycling methods should also be
studied, aiming to reduce the environmental effects of these processes further, and to

protect against reputational damage.

Besides that, further research and analysis must be done regarding processes under

development for recycling modules that can achieve a good recovery rate for materials

308-311]. In this thesis the environmental impacts from recycling methods were not

considered. Future work will focus on LCA for recycling processes, assessing different

techniques such as mechanical, thermal and chemical routes.
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8 Additional Contribution and Recommendations

for Future Work

The global annual market for solar photovoltaic modules has grown at a compound

annual rate of 40% from 1997 (114.1 MWp) to 2017 (93.9 GWp)

325

. In 2016, the

cumulative global PV waste was projected to reach between 43.5 and 250 thousand

tonnes in that year and to rise to between 1.7 and 8.0 million tonnes by 2030 [268].

Predictions indicate that by 2050 that volume will increase to around 6 million tonnes

annually. These estimations are shown in Figure 55.

Figure 55: Overview of global PV panel waste projections, 2016  -2050 (Figure adapted

from ).

With the expected acceleration of installation rates, waste from PV panels is a growing

concern and an environmental obstacle to be overcome. On the other hand, it unlocks
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a range of opportunities to create processes that can convert this rejected material into
economic gains and ecological benefits. For this to happen, there must be adequate

end-of-life (EoL) management technologies and policies for PV systems and,

particularly, PV modules [268].

It is well known that today most of the PV modules go to landfill when they reach their

EoL, mainly because recycling processes are not economically feasible and regulation

in most countries is not yet established for this matter [268]. The late or non-inclusion

RI 39 ZDVWH ZLWKLQ FRXQWULHVY ZDVWH OHMavBWWLRQ LV XVX

guantities of EoL PV modules, due to their long lifetime (up to 25-30 years or more)

and low historical installation rates [309]. Regarding the financial aspects, the volume

of waste PV modules being taken to recycling facilities is currently insignificant

compared to the amount of other electronic wastes [326] and, so, the technology

developed for recycling PV waste is still unable to generate profits.

The majority of LCA studies of solar modules focus on the production and operation
phases, with an emphasis on the energy requirements of these processes, which have
been shown to have an essential contribution to environmental impacts E. However,

lately, there has been increasing interest and research on the effects of the recycling

processes for PV modules. Several studies focus on CdTe modules [116{]|130((134

138-141], mainly aiming to recover cadmium and tellurium, which are toxic and rare,

respectively. Other studies focus on the impacts of a specific recycling process for c-Si

technologies [311{(327], and some of them compare recycling process with other

scenarios, such as landfill [328] and incineration [329].

The main recommendation from this thesis is to conduct a complete LCA study that
analyses the possible EoL scenarios for c-Si PV modules, assuming different pathways

to understand the impacts of these EoL options. To do that, it is also important to build
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