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“Data-driven predictions can succeed – and they can fail. It is when we deny our 
role in the process that the odds of failure rise. Before we demand more of our 

data, we need to demand more of ourselves.” 

N. Silver, The Signal and the Noise (2020) 

 

 

“In so far as the word ‘knowledge’ has any meaning, the world is knowable; but it 
is interpretable otherwise, it has no meaning behind it, but countless meanings.” 

F. Nietzche, The Will to Power (1910) 
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1.1. Six decades of photovoltaic technological development 
In 1876, William Grylls Adams and Richard Evans Day made an astounding discovery: a 
solid material, selenium, could generate electricity when exposed to light. Despite the far-
reaching consequences of this discovery, it was not until 1954 that the first photovoltaic 
(PV) cell was created at Bell Laboratories in the United States. This primordial solar cell 
was made of silicon and had a conversion efficiency of 4% which was later raised to 11%. 
At a cost-per-watt nearly 600 times higher than that of coal power plants, Bell 
Laboratories’ silicon cell found only limited applications in miniature ship and airplane 
models and portable radios.1,2  

It was the space race of the 1960s that put the solar cell as a front-runner technology to 
power earth-orbiting satellites, where they easily outperformed competing chemical and 
nuclear power alternatives.3 While cost was not a limiting factor to put solar cells in space, 
it presented a very difficult barrier to making them competitive back on Earth. Solar would 
have to wait until the next millennium to see an enormous drop in price, enough to make 
them a serious alternative for terrestrial applications (Figure 1-1). 

Figure 1-1 Timeline of developments in PV designs overlayed on increases in conversion efficiency and 
decrease in cost (in 2015 U.S. dollars). Sources: NREL4, IEA5.  

1.2. A sunny future 
There is almost no doubt that in the coming decades PV will take a leading role in energy 
systems across the world. Hundreds of PV 
growth projections have been proposed by 
leading experts from multiple disciplines, 
including the Intergovernmental Panel on 
Climate Change (IPCC), academic and 
research institutions, energy corporations, 
financial consultants, governments, and 
NGOs. The average of these projections for 
the compounded annual growth rate in global 
PV capacity deployment by the year 2050 is 
10.6%, and the interquartile range is 8.6-13.6% 
for 1,488 scenarios evaluated (Figure 1-2).6 Figure 1-2 Global PV growth projections
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The most optimistic scenarios see a total installed PV capacity of 70 TW by the year 2050 
(and there is reason to look towards the most optimistic scenarios since most scenarios 
proposed to date have fallen short of actual PV growth7). Such a sharp increase in installed 
capacity could represent an impressive market share of 35% of the projected total primary 
energy demand. Taking an average panel conversion efficiency of 20% and a PV cell size 
of 156.75 x 156.75 mm, such a deployment could require 14 trillion PV cells to be installed 
on ca. 340 billion square meters of space (roughly 0.2% of the Earth’s total land area). For 
a typical aluminium-glass framed PV panel weight of 11 kg/m2, this translates to ca. 3.8 
billion tonnes of installed materials, mostly glass and aluminium by weight. 

1.3.!Environmental benefits and trade-offs 
For a long time, the environmental benefits of PV remained largely unquestioned. PV is 
emission-free during operation, which gives it a very strong advantage vs. combustion of 
fossil fuels that release carbon dioxide and methane as well as other toxic gases and 
particulate matter to the atmosphere. In addition to this, the PV cells and modules are 
mostly made of elements that have negligible adverse ecological effects when released 
into the environment. This means that even when landfilled at their end-of-life (EOL), PV 
modules are mostly inert. The massive success of the last decade and the expected growth 
in PV deployment, however, have evoked a closer look at potential environmental pitfalls. 
Insofar as conventional crystalline silicon cells (c-Si) go, these have been related to land 
use, the energy intensity of the silicon supply chain, and waste volumes.8 Some additional 
concerns have been raised regarding the use of lead for the soldering of the PV module 
frames. And more recently, concerns have been raised regarding the availability/criticality 
of materials9, with pure silicon being included in the EU list of critical raw materials along 
with other elements such as indium required in more recent PV technologies.  

1.4.!Multijunction III-V/silicon tandem solar cells 
To date, c-Si cells have dominated the PV market due to the availability and stability of 
silicon and the decades of research and development (R&D) behind the technology. The 
current commercially available c-Si cells can convert energy from the sun with ca. 21% 
efficiency, while the record-holding lab prototype exceeded 26% in 2021.4 The c-Si design 
has already capitalized from economies of scale (cumulative installed capacity in 2020 was 
760 GW10, provided by billions of panels) and the average cost of a c-Si module was 
US$0.20/Wp in April 2020.11 As marginal increases in c-Si efficiency now come at 
increasing manufacturing prices, c-Si’s market dominance in the long term may be 
challenged if much higher efficiencies at smaller price premiums can be achieved by 
competing designs, leading to a lower cost per watt. Multijunction IIII-V/silicon tandem 
cells12 (III-V/Si) is one emerging concept which combines c-Si bottom cells with top III-V 
layer absorbers to reach conversion efficiencies beyond c-Si’s theoretical limit of 29.4%.13 
With significantly less time and resources invested in research and development, III-V/Si 
cell efficiencies above 35% have already been demonstrated at lab-scale.14 If deployed at 
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large scale, III-V/Si  could allow for significant savings of land area, material consumption 
and waste generation from PV systems.  

From May 2017 until April 2021, the SiTaSol project consortium15 led by Fraunhofer ISE, 
and including leading industrial partners and research institutes in the field of 
photovoltaics, worked on developing solutions to bring the high-efficiency but very high-
cost III-V/Si technology closer to commercialization. SiTaSol sought to further develop 
processes which could eventually meet challenging cost targets in order to improve the 
economic feasibility of such solar cells at large scale. The key priorities of the project were 
the development of a new metalorganic vapour phase epitaxy (MOVPE) reactor with an 
efficient use of the precursor gases, enhanced waste treatment, recycling of metals and 
low-cost preparation of the c-Si growth substrate. The project consortium was also tasked 
with evaluating the environmental impacts and risks of the technology if it were deployed 
at large scale. The data generated within the SiTaSol R&D program were used to inform 
the assessments conducted in this thesis. 

1.5. Ex-ante environmental assessment 
As innovative PV designs such as III-V/Si strive to achieve lower cost-to-output ratios 
($/kWh), they become increasingly complex by introducing new materials in different 
configurations for which the interactions with the environment are less well-known. And 
yet if an innovation in PV design achieves a competitive ratio, it has a higher chance of 
being introduced into the market at an accelerated rate. This means it will be propagated 
across very large-scale production, consumption, and recycling/disposal systems across 
the globe. Therefore, it is imperative to better understand the environmental implications 
of newer designs before these large-scale systems are deployed. Once these systems are 
in place, it is much more difficult to modify the technology’s design. This dilemma has 
been clearly presented by Collingridge16 and discussed by various authors in the context 
of sustainability17–19  (see Figure 1-3 and Box 1-1). 

In recent years, the recognition of the need 
for an ex-ante environmental assessment 
approach has shaped a growing sub-
discipline with increasing numbers of 
publications and dedicated working groups 
across the U.S. and the European Union.20 
Perhaps the strongest backing for ex-ante 
assessments has come from the European 
Union, whose Horizon 2020 investment 
framework often requires them to grant 
funding for proposed R&D programs.  

Several authors have attempted to provide 
methods or guidance frameworks for ex-
ante assessment, particularly in LCA21–24. 

Figure 1-3 The Collingridge Dilemma (TRL: 
Technology Readiness Level)
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On the central question of how to forecast the evolving and not fully-known future 
technological configurations and their behaviour in the environment, few of these 
proposals have placed quantitative uncertainty analysis and global sensitivity analysis25 
(GSA) at the centre of the frameworks.* Rather they have largely relied on scenario analysis 
and technological roadmaps26 to explore the implications of different possible futures. One 

"
* Throughout this work we will generally refer to uncertainty as it is considered in the modeling domain.
Uncertainty is then an expression of model indeterminacy29. Saltelli at al.25 define uncertainty analysis as
“quantifying uncertainty in model output”, and sensitivity analysis as “the study of how uncertainty in the output
of a model (numerical or otherwise) can be apportioned to different sources of uncertainty in the model input”.

Box 1-1: Predicting the environmental performance of a future technology 
The innovation process in many ways resembles the crossing of a fuzzy maze, where the pathways 
in close vicinity of the research topic are numerous but easily distingishable, while the ones farther 
away are also numerous but evolving in time and thus harder to anticipate (Figure 1-4). Developing 
a commercially successful technology requires extensive trial-and-error, and backward steps are 
commonplace. Furthermore, technologies are often made of different components which are 
developed separately and then have to work together. At the same time, extrinsic drivers in the 
socioeconomic and environmental landscapes evolve constantly, while also being determinant of 
the future environmental implications of the technology.  

To illustrate this situation, we can think of a researcher who is trying to come up with a revolutionary 
design for the car of the future. At any point in time throughout the R&D process, the researcher will 
face many unknowns. Some of them will be intrinsic to the technology, e.g., will plutonium fuel be 
sufficiently stable? Or, what will be the consumption of plutonium per km? Others will be extrinsic, 
e.g., will the price of plutonium be too high in the future? Or, will the global reserves of plutonium
deplete and make the technology non-viable? Will social concerns or environmental regulations
become too strict for radioactive fuels in commercial vehicles? A technology that enters the R&D
process at TRL 1 will be subject to many changes by the time it enters the market at TRL 9. These
changes are likely to have profound implications on the environmental performance of the
technology. The decision of when, and under which assumptions to make an ex-ante assessment
such as an LCA or a risk assessment (RA) is not trivial.

Figure 1-4 The dynamic and uncertain journey of an R&D project 

!

"
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noteworthy exception is the work of Ravikumar et al.27, who proposed the use of GSA to 
guide prioritization of research in “anticipatory” LCA. In the subsequent chapters of this 
thesis, uncertainty and sensitivity analysis take an increasingly important role until it they 
are placed at the centre of the ex-ante exercise. As will be demonstrated towards the end 
of this work, this will expand the capabilities of ex-ante assessments, enabling them to 
answer different questions that can better guide the R&D processes towards safer and 
more sustainable designs. 

1.6.!Research aim 
The aim of this research is two-fold. On the one hand, it investigates the emerging III-V/Si 
cell design and the production-consumption systems in which it would be embedded, in 
order to determine the potential environmental impacts and risks the technology may pose 
when deployed at a large scale. On the other hand, it adapts and further develops existing 
ex-ante environmental assessment methods to make them more suitable to provide early 
guidance for the sustainable and safe design of emerging technologies. Five main research 
questions are posed and answered in this study: 

I.! What are the environmental hotspots in the emerging PV technologies landscape 
and what is the magnitude of the variabilities in the life cycle impacts? 

II.! What are the life-cycle environmental impacts of III-V/Si cells compared to c-Si 
cells and what are the key opportunities for improvement? 

III.!What are the potential ecological risks introduced by III-V/Si cells throughout their 
life cycles? 

IV.! How can unresolved technological pathways in the development of III-V/Si cells 
be incorporated in ex-ante environmental assessments? 

V.! How can uncertainty analysis and global sensitivity analysis be used to prioritize 
research directions towards safer and more sustainable design of III-V/Si tandem 
technologies? 

1.7.!Outline of this thesis 
Chapter 2 takes a high-level look at the environmental performance of the emerging PV 
landscape by conducting a systematic review and meta-analysis of LCAs of emerging PV 
designs. The analysis identifies environmental hotspots and trends across the different 
technology types and evaluates the magnitude of the variabilities in different impact scores 
compared to the incumbent silicon PV modules. As the title indicates, the main question 
answered is whether research and innovation in PV are heading in a positive direction in 
terms of life cycle environmental impacts. Chapter 2 also introduces an exploratory 
methodological novelty in that a Random Effects Model28 is adapted and applied to a 
meta-analysis of LCA studies. To adapt the model we considered the incumbent 
technology (c-Si) as the control group, and the emerging PV technologies as the 
intervention group. Design innovations such as the incorporation of different absorbent 
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materials (e.g. perovskites, III-V elements, CdTe) are thus seen as “interventions” that can 
influence the life cycle impact score of PV electricity. The model allows an investigation 
of variation in the effect of interventions within and between studies and technology types. 

Chapter 3 focuses on the III-V/Si technology and conducts an LCA with a high level of 
resolution. Primary data obtained from lab and pilot tests within the SiTaSol project are 
used and extrapolated in a first attempt to resemble industrial-scale production as much 
as possible. A local sensitivity analysis is used to explore the implications of future 
improvements in the key contributing processes such as MOVPE energy efficiency, 
hazardous waste treatment and recycling, as well as changes in the background energy 
supply. 

Chapter 4 addresses perhaps the most important learning from the first full-scale LCA 
conducted in Chapter 3: the unresolved design choices and unknown background system 
parameters are too numerous so that they cannot be solved and interpreted adequately 
with a local sensitivity analysis or scenario analysis. While parametric uncertainty (e.g., in 
the energy consumption of a manufacturing process) can be easily propagated in LCA 
models, scenario uncertainty (e.g., whether one material or manufacturing method is 
chosen over another for a given component) is more challenging. We demonstrate how 
this problem can be overcome by introducing binomial and multinomially distributed 
factors in the model, which can trigger discrete events stochastically based on their 
expected chances of success. This allows combining an unlimited number of technological 
choices or pathways in a single analysis and propagating this uncertainty of process or 
material selection along with other parametric uncertainties.  

GSA is then used to understand which of the uncertain factors contribute the most to 
uncertainty in the impact scores. Here, two additional novelties are introduced; for the first 
time, GSA is applied to such a high-dimensional model with tens of thousands of uncertain 
model inputs (including uncertainty in the background LCA database). This is made 
possible by introducing a pre-filtering step which leaves non-contributing flows out of the 
analysis. Second, GSA is applied for the first time to a full-scale LCA model that combines 
parametric with scenario uncertainties. While the analysis focuses on one component of 
the technology (the front metal contacts of the PV cell), it establishes the building blocks 
for a straightforward extrapolation to larger systems and to other types of technologies. 

Chapter 5 takes the insights from the technology and the methods obtained in Chapters 3 
and 4 and applies them to a different framework, that of ecological risk assessment. 
Chapter 5 sets out to answer what is seemingly a simple question -what are the risks posed 
by III-V material emissions from III-V/silicon tandem PV modules throughout their life cycles? 
However, as the common phrase goes, “the dose makes the poison”. To understand what 
the dose is, an integration of mass flow analysis with fate and exposure assessment models 
is required. Furthermore, these models must be probabilistic, prospective, and dynamic to 
appropriately reflect the ecological risks that may be potentially introduced by the 
technology. Compared to LCA models, risk assessment models are more sensitive to 
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temporal and spatial determinations which introduce an even broader range of 
uncertainties and variabilities. Risk assessment thus presents a more demanding test for 
the applicability and usefulness of the uncertainty analysis and global sensitivity analysis 
methods proposed in previous chapters. 

Chapter 6 lays out a framework that encompasses all the methodological developments 
of the previous chapters, placing quantitative uncertainty analysis and global sensitivity 
analysis at the forefront of ex-ante assessment, and presenting its full potential towards 
guiding safer and more sustainable technological designs. Having understood the diversity 
and magnitude of uncertainties and variabilities that can be encountered, it is also 
recognized that most of the data required to characterize these uncertainties will be 
unavailable. A Bayesian approach to probability is presented as the most suitable one for 
defining and characterizing uncertainty, given the largely subjective nature and reliance on 
expert knowledge. The Bayesian approach completes the puzzle by providing tools and 
mathematical underpinning to the characterization of uncertainty and its updating with 
subsequent iterations that fit very naturally the R&D process.  



"
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Abstract 
Innovation in photovoltaics (PV) is mostly driven by the cost per kilowatt ratio, making it easy to 
overlook environmental impacts of technological enhancements during early research and 
development stages. As PV technology developers introduce novel materials and manufacturing 
methods, the well-studied environmental profile of conventional silicon-based PV may change 
considerably. Herein, existing trends and hotspots across different types of emerging PV 
technologies are investigated through a systematic review and meta-analysis of life-cycle 
assessments (LCAs). To incorporate as many data points as possible, a comprehensive 
harmonization procedure is applied, producing over 600 impact data points for organic, 
perovskite (PK), dye-sensitized, tandem, silicon, and other thin-film cells. How the panel and 
balance of system components affect environmental footprints in comparable installations is also 
investigated and discussed. Despite the large uncertainties and variabilities in the underlying LCA 
data and models, the harmonized results show clear positive trends across the sector. Seven 
potential hotspots are identified for specific PV technologies and impact categories. The analysis 
offers a high-level guidance for technology developers to avoid introducing undesired 
environmental trade-offs as they advance to make PV more competitive in the energy markets. 

Keywords: environmental impacts, life-cycle assessments, photovoltaics, solar, 
sustainability 
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2.1.!Introduction 
Since the introduction of the first solar cell in the early 1950’s, the market share of 
photovoltaic electricity (PV) has expanded exponentially and it is now the fastest growing 
source of renewable energy.1 PV was quickly embraced as a clean albeit expensive source 
of energy, yet today it can compete with conventional fossil-fuel based sources purely on 
economic grounds.2 In an effort to drive this advantage even further, many technological 
enhancements are being pursued to either reduce manufacturing costs or to increase the 
PV cells’ conversion efficiencies.3 However, as the focus narrows on cost and conversion 
efficiency, awareness has risen to place equal importance on the potential environmental 
trade-offs that technological innovations in PV may introduce.  

Improving efficiency and lowering costs of PV cells presents technology developers with 
many technical barriers. Developers have often addressed these barriers by incorporating 
new materials and modifying cell architectures, spawning numerous alternative cell 
designs. Technological enhancements aim to increase the light-absorption capacity of the 
cells, increase conductivity, or replace existing materials of the cell for cheaper ones that 
fulfil the same function. For example, several thin film technologies completely replaced 
silicon - a non-toxic and highly abundant material - while aiming for cost reductions. 
Changes in manufacturing methods may also alter the environmental profile of the PV 
industry, as they can require more complex equipment and energy-demanding processes. 
The technological enhancement and diversification are going at a fast pace, making it 
difficult for relevant stakeholders to keep track of and manage the long-term 
environmental impacts of successful PV innovations that may disseminate very quickly. 

The earlier the stage of development of the technology, the harder it is to produce a 
realistic assessment of the environmental impacts once it is implemented at commercial 
scale.4 But an early assessment is all the more important, given the fact that design changes 
are easier to make during earlier R&D stages.5 Stamford & Azapagic made a first step in 
this direction by assessing the environmental impacts of recent technological 
improvements of silicon-based PV.6 However, this was still a retrospective assessment of 
technological improvements that had already penetrated the market. It was also limited 
to the currently dominating silicon-based PV systems and did not investigate the 
technologies that are competing to replace them. Chatzisideris et al.7 investigated more 
recent technologies, yet their analysis was based on limited quantitative data prior to 2015 
and numerous studies have been published since then. 

In this study, we adopt a more prospective and comprehensive approach by assessing the 
emerging PV technologies that may dominate in the next 10 or more years. Our aim is to 
discern whether the PV industry is moving forward in terms of environmental sustainability 
as it develops towards lower costs and/or higher efficiencies. For this, we conduct a 
systematic review and harmonization of life cycle assessment (LCA) studies of current 
state-of-the-art and emerging PV. We then apply a novel method to conduct a statistical 
meta-analysis on the harmonized data. We address 5 specific questions: (i) what –if any- 
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are the observable trends in the environmental impacts of each type of PV technology; (ii) 
what the variability of impact scores is within and across different PV technologies; (iii) 
what the effects are, if any, of technological advances on environmental performance; (iv) 
how the environmental impacts compare across technology types and across different 
stages of technological maturity, and (v) which potential hotspots can be anticipated by 
comparing the relative contributions to impacts from different elements of the PV 
technologies. Our analysis is meant to ultimately provide valuable guidance for PV 
technology developers, policymakers and other stakeholders so that they can factor in 
environmental sustainability considerations during the early R&D stages.  

2.2.!Methods 

2.2.1.! Classification of PV technologies 
For our analysis we classified the emerging PV technologies as shown in Table 2-1, 
adapting definitions from Green et al.8 and NREL9. Some of these technologies were 
already introduced in the market, such as thin-film cadmium telluride (CdTe). Others have 
been limited to niche applications, implemented only as pilots, or are still in development 
phase. The table also shows the advantages and disadvantages that have been reported in 
various literature sources10,11 for each technology in terms of efficiency, cost and 
environmental aspects. 

2.2.2.!Assessment framework and meta-analysis approach 
Life cycle assessment (LCA) is a commonly used framework to assess sustainability 
aspects of emerging technologies, as it provides a holistic accounting of environmental 
impacts throughout a product’s entire life cycle.12 This holistic approach ensures that 
environmental trade-offs are identified and quantified, and that new technologies do not 
result in environmental burdens larger than those of the incumbent technology.13 We 
conducted a systematic review and meta-analysis of LCA studies of state-of-the-art and 
emerging PV by following the guiding principles for meta-analyses contained in the 
PRISMA statement (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses).14 First we identified potentially relevant publications since 2010 using the Web 
of Science® tool15 and the Google Scholar search tool. Then we screened and filtered the 
results according to the criteria described in section 2.2.3. In a final step we harmonized 
the quantitative LCA results from the eligible studies, adapting and significantly extending 
the harmonization approach proposed by the NREL Life Cycle Assessment Harmonization 
Project (section 2.2.4).16,17  



!!!!"
20 

2.2.3.! Identification, screening and selection of studies 
To identify LCA studies of PVs, we searched three different sources. First, we searched 
the Web of Knowledge® database using the following search strings:  

(TS=((LCA OR (life cycle assessment OR (life-cycle assessment OR (life-cycle analysis OR 
life cycle analysis)))) AND (solar OR (photovoltaic* OR PV)))) AND LANGUAGE: 
(English) AND DOCUMENT TYPES: (Article) Timespan: 2010-2019. Indexes: SCI-
EXPANDED, SSCI, A&HCI, ESCI.  

Table 2-1. Classification and characteristics of PV technologies and cell types assessed 

PV technology Cell types Advantages Shortcomings 
PV 

technology 

Silicon single-Si; multi-
Si 

Non-toxic; high 
efficiencies; long-term 

stability; abundant 
materials 

Energy intensive; high 
cost 

Silicon 

Thin-film silicon amorphous 
silicon (a-Si); 

micro-Si (µ-Si); 

Low cost; less 
materials; non-toxic 

Low efficiency Thin-film 
silicon 

Thin-film 
chalcogenide 

Cadmium 
telluride 

(CdTe); CIGS, 
CZTS, 

Less materials; low 
cost; high efficiencies 

Critical materials; 
toxicity of Cd 

Thin-film 
chalcogenid

e 

Dye-sensitized 
(DSSC) 

Ruthenium 
complex 

sensitizers; 
organic dyes 

Low cost; flexible; 
non-toxic; ease of 

fabrication; ability to 
operate in diffuse 

light38 

Temperature sensitivity 
of liquid electrolyte; low 

efficiency38 

Dye-
sensitized 
(DSSC) 

Organic (OPV) Polymer; 
Single-wall 

carbon 
nanotube 
(SWCNT) 

Low cost; flexible; 
lightweight; non-toxic; 

ease of fabrication; 
can be tailored for 

application 

Stability (short lifetime); 
low efficiency 

Organic 
(OPV) 

Perovskite (PK) Lead halide, 
Tin halide 

Low cost; flexible; 
lightweight; ease of 

fabrication; high 
efficiencies 

Stability (short lifetime); 
toxicity of lead 

Perovskite 
(PK) 

III-V Gallium 
arsenide 
(GaAs) 

High efficiency High cost; material 
scarcity; toxicity of As 

III-V

Quantum dot Cadmium 
selenide (CdSe) 

High efficiency 
(potential) 

Toxicity of Cd; high cost Quantum 
dot 

Tandem/hybrid Silicon HJ; 
III-V/Si;

PK/Si; TF/TF; 
TF/PK 

High efficiency Expensive; material 
scarcity; toxicity of As 

Tandem/hy
brid 

!

!
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(TI = ((LCA OR (life cycle assessment OR life-cycle assessment)) AND (photovoltaics OR 
(solar AND cells)))) AND LANGUAGE: (English) AND DOCUMENT TYPES: (Article) 
Timespan: 2010-2019. Indexes: SCI-EXPANDED, SSCI, A&HCI, ESCI.  

A second source was the Google Scholar search tool, where we searched for similar search 
strings and compared the first 1000 hits to the results obtained in the Web of Knowledge. 
A third source was the cross-references in the reviewed articles that were not identified in 
the previous steps. We then screened these results to exclude those with: (i) repeated 
results from previous work; (ii) focused on a specific geographical implementation; (iii) did 
not use a PV cell or panel (m2) or generation of electricity with a PV system (kWh) as the 
basis for the assessment (functional unit) (see section 2.2.4.1); (iv) did not use own data 
and/or calculations for the technological system; and (v) assessed PV cells integrated on 
other devices.  

From the screened studies we selected for inclusion only those studies, in which the data 
provided allowed for the harmonization steps described in section 2.2.4. The full list of 
included and excluded studies is provided in the Appendix Table A.1-1.  

2.2.4.!Harmonization 

2.2.4.1.! Functional unit 

We chose the generation of 1 kWh of electricity as a comparative basis (i.e. functional unit 
in LCA18) for the meta-analysis. This functional unit is used frequently in LCA studies of 
PV electricity generation19, and accounts for technological advantages or disadvantages 
from the cell technology that translate to the ancillary PV infrastructure. For example, cells 
with higher efficiencies require less area to produce 1 kWh. Therefore, they also require 
smaller infrastructures and correspondingly less materials for the installation. However, 
many relevant studies reported impacts for a unit area of cell, typically 1 m2. In order to 
harmonize these units, we calculated the equivalent area required to produce 1 kWh as 
indicated in Equation 2-1.20 

! " #$%& ' ( ' )* ' +,-  (Eq. 2-1) 

Where ! is electricity output of the PV system (1 kWh), A is the total solar panel area (m2), 
" is the solar panel efficiency (%), r is the annual average solar radiation on panels 
(measured in kWh!year-1!m-2), PR is the performance ratio (i.e., a coefficient that adjusts for 
conversion losses), and LT is the lifetime of the PV system.  

Most LCA studies for PV converge on values of PR = 0.75 and solar radiation = 1700 
kWh/m2, representative of southern Europe and close to the world average, respectively. 
The panel efficiencies ! vary depending on each cell technology. Additional efficiency 
losses occur when the cells are incorporated into the panels due to the small separations 
between the cells. Therefore, whenever cell efficiencies were reported instead of panel 
efficiencies we subtracted 2% to account for these area losses, following the approach of 
Louwen et al.21  
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Some studies reported electricity output in kWh, but for different operating conditions than 
the typical ones assumed for Equation 2-1. Adjustments to the impact scores were made 
according to the proportional difference in the parameters radiation and performance 
ratio.  O’Donoghue et al.22 refer to this kind of adjustment as proportional adjustment, where 
the adjusting factor is the ratio of the parameter value in the study to the intended 
harmonized parameter value. This adjustment is possible because usually more than 99% 
of the total impacts of renewable electricity generation is embedded in the infrastructure, 
which is represented by the area parameter in Equation 2-1. Following the method of 
Asdrubali et al.23 for harmonization in renewables, we combined the three parameter 
adjustments into a single formula to calculate the harmonized impact scores (Equation 
2-2).  

!!"#$%& ' !!()* +
"!"##$%!"##&'!"#

"$%&'#$%$%&'#&'$%&'
! !(Eq. 2-2) 

Di harm is the harmonized impact score, Di pub is the reported impact score, rpub is the solar 
radiation assumed in the study, PRpub is the performance ration assumed in the study, LTpub 
is the lifetime of PV system in the study, rharm is the average solar radiation in southern 
Europe (1700 kWh/m2), PRharm is the average performance ratio of 75% and LTharm is the 
average lifetime. We set a 30 years lifetime for the harmonized value of all PV systems 
except for perovskites and organic PV, which have many technical barriers to long-term 
stability. Meng et al.24 and Cai et al.25 assess that perovskites may need lifetimes of 15 years 
to achieve lower costs per kWh than traditional energy sources. However, it is not yet 
clear what the maximum achievable lifetime of perovskites is. Therefore, we adopt 15 
years as a conservative lifetime under the assumption that once the technology becomes 
cost-competitive the efforts to extend the related lifetime may even slow down further.  

2.2.4.2.! System boundaries 

We also harmonized system boundaries by ensuring that the same life-cycle stages and 
comparable unit processes were considered across all technologies. For this, we divided 
the life-cycle inventories of each technology into four broad life-cycle phases: (1) material 
extraction and assembly of PV cell, (2) material extraction and assembly of panel 
components; (3) material extraction and assembly of balance-of-system (BOS) 
components; (4) electricity generation, and (5) end-of-life (EOL) including 
decommissioning, recycling and/or final disposal. Within these system boundaries, the 
least common denominator was established as all life-cycle stages up to electricity 
generation. When necessary, unit processes were excluded, and impact scores were 
recalculated by subtracting the corresponding contributions. We calculated panel (2) and 
BOS (3) components separately and added them proportionally in relation to the required 
area of the installation. The amount of installation required is calculated in ecoinvent26 as 
indicated in Equation 2-3.  

,!()* '
+,-./

&'#01213!*4#5!678
  (Eq. 2-3) 
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Based on ecoinvent data for a single-Si slanted-roof installation, Qinst = 1.158E-5 
installations are required for the generation of 1 kWh. The yield is proportional to the 
efficiency of the solar module, therefore we adjusted Qinst in each case by a factor 
calculated as in Equation 2-4 and added the corresponding impacts for the adjusted area 
of installation, as follows: 

!!"
!#$

 (Eq. 2-4) 

In Equation 2-4, "si is the efficiency of the single-Si solar module from ecoinvent, i.e. 13.6%, 
and "em is the efficiency of the assessed PV technology in each case.  

An exception to this proportional adjustment was the inverter, which scales with power 
and not with area or efficiency. Therefore, the quantity of inverter required for generating 
1 kWh was kept constant across all systems. This quantity was calculated as indicated in 
Equation 2-5. 

,! '
+,-./

$#9#:;<#&'
' -.-/ 0 1&)2345   (Eq. 2-5) 

Qi is the amount of inverter units required to generate 1 kWh, P is the power rating of the 
modelled inverter (2.5 kW/unit), S is the equivalent amount of sunlight hours for the 
Southern European location (5 hours/day), 365 is the number of days in a year, and LT is 
the average lifetime of an inverter (10 years). Individual life-cycle inventories for BOS and 
panel components were updated to reflect the changes proposed by the International 
Energy Agency PVPS 2015 report.27 

2.2.4.3.! Impact assessment methods 

In order to assess impacts in LCA, characterization factors must be used which translate 
environmental emissions into different types of impacts28. Different methods have been 
proposed to estimate these, and they can use different indicators and units for such. For 
example, the CML method13 expresses toxicity impacts in units of kg 1-4 dichlorobenzene 
equivalents, while the USEtox method29 uses comparative toxicity units (CTUs). 
Therefore, we converted all results to the units used by the reference impact assessment 
methods recommended by the European Commission in the International Reference Life 
Cycle Data System (ILCD).30 For some impact categories, conversions are relatively 
straightforward and can be achieved by a constant factor with acceptable accuracy. In 
other cases, such as toxicity and resource depletion, the modelling behind each indicator 
is considerably different across characterization methods. This results in conversion 
factors that could vary across several orders of magnitude for different product systems, 
making harmonization of impact indicators impracticable. However, we are mainly 
focused on the relative change of environmental profile of the emerging PV technology 
relative to the dominating crystalline silicon systems in 2010. Therefore, we consider it 
appropriate to approximate these conversion factors according to Equation 2-6. 
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The result gives a consistent idea of how much better or worse each system is compared 
to the reference crystalline silicon system. The resulting conversion factors for each impact 
category are provided in the Appendix Table A.1-2. In Equation 2-6, IeILCD is the impact 
score of the emerging technology in harmonized ILCD units; Iex is the impact score of the 
emerging technology in the units of the original methodology used by the study; Irx is the 
impact score of a reference single-Si PV system (as modelled in ecoinvent v3.4)26 in the 
units of the impact assessment methodology used by the study, and IrILCD is the impact 
score of the reference single-Si PV system in ILCD units.  

A flowchart describing the full identification, screening, selection and harmonization 
process is provided in Appendix Figure A.1-1. 

2.2.5.!Statistical analysis 
In order to discern trends in time, we used linear regression models and Pearson 
correlation coefficients for impact scores as a function of time (i.e. year in which 
technology developers firstly describe the PV cell design in literature). Louwen et al.31 
investigated exponential learning curves to assess the greenhouse gas emissions of silicon-
based PV over a period of 40 years. However, there is still scant supporting evidence for 
the existence of such curves for the data at hand in the current study. Furthermore, our 
interest is not to predict but rather to observe whether the trends exist and if so, whether 
they are positive or negative. 

To investigate the effects of technological development on the environmental 
performance of PV systems, we used a random effects model.32,33 Random effects models 
commonly applied in meta-analyses require the definition of an experimental group (i.e. 
the population of individuals exposed to a certain treatment), and of a control group (i.e. 
the population of individuals not exposed to the treatment). Effects are, then, estimated 
comparing the outcome of the treatment across studies using effect size metrics, such as 
odds ratios, correlation coefficients, and standardized mean differences.32,33 We framed 
our case such that the commercially established single and multi-crystalline PV systems 
served as a pseudo-control group, using the harmonized data compiled from the meta-
analysis by Hsu et al. of the National Renewable Energy Laboratory and the Brookhaven 
National Laboratory.17 The data in these studies refers to commercial PV systems assessed 
in the years 2000 to 2008. We defined as pseudo-experimental groups the emerging PV 
technologies assessed in the years 2010 to 2019 (see Appendix Table A.1-1). We consider 
the diverse technological enhancements as the treatments performed on the experimental 
groups. The effects of the technological enhancements were interpreted as the changes in 
the standardized mean differences (SMD)34 in impact scores. The SMD is equivalent to the 
difference in mean score between the emerging PV technology and the reference PV 
system, divided by the standard deviation of the scores. To get a sufficiently large 
population (N) for each group, we grouped results by PV technology type, rather than by 
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study. This is admittedly a departure from convention in meta-analysis but is –to an extent- 
reasonable insofar as the harmonization is comprehensive enough.    

2.3.!Results and discussion 

2.3.1.! LCA studies and data points identified and selected 
A total of 1024 potential LCA studies were identified in the Web of Knowledge database 
and Google Scholar. The screening process resulted in 85 studies, of which 40 resulted 
eligible for the quantitative synthesis. These 40 studies produced 682 data points (LCA 
impact scores), distributed as shown in Figure 2-1. The studies were produced by 28 lead 
authors and published in 18 different peer-reviewed journals. As shown in Figure 2-2, the 
majority of the studies were related to perovskites and thin films. The eligible contributions 
in the year 2018 doubled those from the next most productive year (2011). 

 

 

Figure 2-1 Number of impact indicators considered for different PV technologies, 2010-1019. 
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Figure 2-2 Number of LCA studies selected for different PV technologies, 2010-1019. 
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2.3.2.!Trends per technology type 
Figure 2-3 shows the impact scores for each of the ILCD impact categories classified by 
PV technology type and maturity, as a function of the year in which the cell design was 
introduced. A first important insight can be obtained from looking at the Y scales, which 
provide both maximum and minimum values as well as an idea of the variability of the 
scores reported. Most impact scores are within an order of magnitude despite differences 
in modelling and cell designs. It can be observed that there is no clear trend in time, and 
the steeper slopes are only present for technology and impact type combinations with few 
data points. Of the impact-cell type subgroups with more than 10 data points, only four 
trends with strong correlations were detected. Tandem cells showed a strong positive 
correlation (increasing impact) with respect to resource depletion and photochemical 
oxidation, and a strong negative correlation with respect to ozone depletion. The former 
may be explained by the increased use of transparent conductive oxides in tandem cell 
manufacturing. Full results of the regression calculations are provided in Appendix Table 
A.1-3.

For climate change impacts, the scores appear to be stabilizing towards <0.03 kg CO2 eq. 
Here, thin-film silicon and chalcogenides appear to perform remarkably well, most likely 
due to a good balance between conversion efficiency, low material requirements and 
replacement of energy intensive silicon. A predominance of green data points (perov-
skites) can be observed on top, suggesting an overall larger footprint for this technology 
type. On the other hand, state-of-the-art versions of silicon-based technologies are 
amongst the most competitive from an environmental perspective.  

2.3.3.!Variability of impact scores 
When compared to a single-Si rooftop PV system as a reference (as modelled in ecoinvent 
v3.426), the relative impacts of all technologies aggregated fell within a factor of 2 (where 
single-Si = 1, see Figure 2-4). The only exception to this was the category of marine 
eutrophication. This holds for the 75th percentile in 13 out of 14 ILCD impact categories 
when outliers were removed (outlier values are considered any values over 1.5 times the 
interquartile range over the 75th percentile or any values under 1.5 times the interquartile 
range under the 25th percentile). None of the medians exceed that of the reference system, 
and 10 categories fall under 1.5 for a 75th percentile. Considering most of the emerging PV 
systems were assessed based on lab-scale designs that are not representing optimized 
industrial-scale processes, the landscape looks positive as long as upscaling to industrial 
scale is reflected in further material and energy optimization.  

A closer look at the distribution of scores per technology type is presented in Figure 2-5, 
for the impact categories with most data points. Perovskites show the largest variability. 
An interesting thing to note is the apparently lognormal shape of the distributions. In the 
case of freshwater eutrophication, the normal shaped curved is on a logarithmic x-axis, 
which also suggests a lognormal distribution for this category. Lognormal distributions are 
often found in the probabilistic impact scores of individual systems, but we had no reason 
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to assume the same type of distribution for meta-analyses across different systems. We 
used the geometric means and standard deviations to summarise the data, which are 
better suited for skewed distributions (Table 2-2).35  

Figure 2-3 Harmonized LCA impact scores of PV technologies as a function of time. CTUe: freshwater 
ecotoxicity; CTUh,c: human toxicity – cancer effects; CTUh,nc: human toxicity – non-cancer effects; kg 

CFC-11 eq: ozone depletion; kg CO2 eq: climate change; kg N eq: marine eutrophication; kg NMVOC eq: 
photochemical oxidation; kg P eq: freshwater eutrophication; kg PM2.5 eq: particulate matter; kg Sb eq: 
mineral resource depletion; kg U235 eq: ionising radiation; m3 water: water use; MJ: cumulative energy 

demand; mol H+ eq: acidification; mol N eq: terrestrial eutrophication. 
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Figure 2-4 Relative LCA impact scores compared to a reference single-Si PV rooftop system as modelled in 
ecoinvent v3.426 (single-Si impact score = 1, indicated by the red dotted line). 

Figure 2-5 Histogram of harmonized impact scores categorized by PV technology type. The black dotted line 
indicates the score for the reference single-Si rooftop PV system26. 
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2.3.4.!Effects of technological enhancement on environmental impacts 

Technological innovations appear to have had positive results on climate change impact 
scores, as can be seen from the random effects model results plotted in Figure 2-6. The 
heterogeneity, however, is quite large and we cannot conclude that there is a significant 
effect overall. Heterogeneity can be attributed to the differences in materials, 
manufacturing processes or efficiencies of each technology type, but it could also be 
attributed to modelling differences that were not sufficiently corrected via the 
harmonization procedure.  

We further sub-grouped the data by cell-conversion efficiency and disaggregated by sub-
technology types (see Appendix Figure A.1-2). The results did not find a significant 
reduction in climate change impacts for groups with higher cell-conversion efficiencies 

Table 2-2 Statistics for impact scores, all PV technologies 

Impact category Units Geometric 
mean 

Geometric 
standard 
deviation 

Min Max n 

Freshwater ecotoxicity CTUe 4.91E+00 6.47 1.73E-03 6.83E+01 62 

Human toxicity, cancer 
effects 

CTUh,c 2.09E-08 15.33 1.97E-09 1.33E-05 39 

Human toxicity, non-
cancer effects 

CTUh,nc 9.66E-08 2.28 6.15E-09 1.49E-06 48 

Ionising radiation kBq U235 eq 6.33E-03 7.21 9.34E-04 2.14E+00 14 

Ozone depletion kg CFC-11 eq 2.88E-09 4.33 4.18E-10 2.30E-07 40 

Climate change kg CO2 eq 4.20E-02 3.09 4.34E-03 7.74E-01 95 

Marine eutrophication kg N eq 6.70E-04 89.11 2.48E-05 2.76E+00 14 

Photochemical 
oxidation 

kg NMVOC eq 3.16E-04 7.44 4.24E-05 8.28E-01 34 

Freshwater 
eutrophication 

kg P eq 8.21E-05 4.32 1.93E-06 1.50E-02 55 

Particulate matter kg PM2.5 eq 4.30E-05 2.41 1.04E-05 2.07E-04 27 

Resource depletion kg Sb eq 1.63E-05 29 1.89E-08 1.79E-04 46 

Water depletion m3 water 2.03E-02 4.29 8.68E-03 9.92E-01 15 

Terrestrial 
eutrophication 

mol N eq 7.25E-04 1.60 3.51E-04 1.12E-03 5 

Acidification molc H+ eq 4.10E-04 2.67 4.65E-05 3.76E-03 45 

!
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measured using SMD. The sub-grouping did not reduce the inherent heterogeneity of the 
data either. The results may suggest that either additional underlying factors (e.g., material 
choice, manufacturing processes, cost) are better suited than conversion efficiency to 
represent the relationship between technological enhancements and climate change 
impacts, or that the strive for reduced efficiency is not necessarily reflected in improved 
environmental performance of the PV sector. If the latter is the case, PV technologies can 
still bring about environmental benefits by replacing other types of energy sources (e.g., 
fossil fuel-based), which are not considered in the current study.  

2.3.5. Contribution and hotspots analysis 

2.3.5.1. Light absorbing layers and cells 

The focus of most LCA studies of emerging PV technologies is on innovations in the light 
absorbing layers, whether in terms of their materials or configurations. Each type of 
absorbing layer places some additional requirements on the ancillary components of the 
cell (e.g., OPV requires encapsulation, perovskites are deposited on a transparent 
conductive oxide, etc.). Figure 2-7 shows the average contributions of the modules to each 
impact category for each PV technology. It can be seen that for perovskites and tandem 
technologies, the main contributions come from the cell, rather than from the panel and 
balance of system components.  

Figure 2-7 Average relative contributions of PV cells as compared to the corresponding PV system. 

Figure 2-6 Random effects model results for climate change impact. 
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2.3.5.2.! From cells to panels 

Based on the 2015 inventory data from IEA PVPS27, panel contributions for a single-Si 
roof mounted PV system can range between 4% to water depletion, 11% to climate change 
and 28% to mineral resource depletion. Within the panel, aluminium and solar glass 
typically account for over 50% of the contributions in most impact categories, although 
small amounts of copper weigh heavily on the toxicity categories. Therefore, cells that 
may require less or no glass and aluminium highly benefit from these avoided emissions 
in certain installations. Examples of these are roll-to-roll manufactured OPV, perovskites, 
dye-sensitized cells and thin film chalcogenides. This is an important outcome, since it 
implies that technologically enhanced PV cells have a good opportunity to offset 
environmental trade-offs if the new cell design favours less materials-intensive panels. The 
need for less panel materials can result from lighter cells allowing lamination or lighter 
panelling, and/or from higher cell efficiencies requiring less panel area per kWh.  

2.3.5.3.! From panels to PV installations 

The BOS is also a main contributor and is in a large part independent of cell design. 
Particularly the inverter, which is required equally for all systems independent of cell 
efficiency, contributes on average 11% to impact categories, with 32% to mineral resource 
depletion and 29% to human toxicity, non-cancer effects for a reference single-Si roof-
mounted system. The remainder of the installation is composed of mounting systems and 
cabling which contribute on average 33% to all impact categories, with 71% contribution 
to freshwater ecotoxicity, 37% to human toxicity, cancer effects, and 18% to climate 
change. Here the key contributions come from aluminium and copper, where aluminium 
from the mounting system represents 87% of the climate change contribution and copper 
from the electric installation 97% of the contribution to freshwater ecotoxicity.  

2.3.5.4.! Hotspots in the emerging PV landscape 

Figure 2-8 presents a radar plot with relative impacts of the different types of PV cells, 
where 100% corresponds to the impact score for a reference single-Si roof-mounted 
system as modelled in ecoinvent 3.426. For each type of PV cell, we have used the 
geometric mean impact score, following the indications of section 2.3.3. Perovskites 
dominate the plot and exceed the reference single-Si system by factors of 2 and more in 4 
impact categories. These potentially important hotspots are summarized in Table 2-3, along 
with their possible sources. It is important to highlight that the results discussed earlier 
represent the impacts of the PV technologies in comparable applications, i.e., roof-
mounted installations. However, several of these technologies are finding alternative 
applications and may end up creating their specific market niches. Some of these 
technologies can be embedded into other systems (e.g., building integrated or flexible cells 
integrated on consumer products). From an LCA perspective, this means that the assessed 
functional unit would change, and this can considerably change the calculation of the life 
cycle impact scores of the technologies. 
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Figure 2-8 Relative ILCD impact scores for different PV technologies, compared to a reference single-Si 
roof-mounted PV system as modelled in ecoinvent v3.4 (=100%). The plot is truncated at 400% for 

visualization purposes. 

Table 2-3 Key potential environmental hotspots in emerging PV technologies, compared to a reference 
single-Si roof-mounted PV system. 

PV 
technology 

Impact category Comparative hotspots 

Perovskites Photochemical 
oxidation 

Isopropanol emitted in blocking layer; fluorine-doped tin oxide ; 
(FTO) glass; gold layer 

Freshwater 
eutrophication 

Fluorine-doped tin oxide (FTO) glass; isopropanol emitted in 
blocking layer; gold layer; waste streams 

Particulate matter Fluorine-doped tin oxide (FTO) glass; perovskite layer; gold 
layer 

Ozone depletion Fluorine-doped tin oxide (FTO) glass; gold layer; perovskite 
layer 

Marine 
eutrophication 

Dimethylformamide (DMF) in solution-deposited PK; fluorine-
doped tin oxide (FTO) glass 

Human toxicity, 
cancer effects 

Methylammonium iodide (MAI); tin 

Tandem Human toxicity, 
cancer effects 

Dimethylformamide (DMF) and isopropanol solvents in PK/Si 
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2.4.!Conclusions 
A comprehensive harmonization effort combined with diverse statistical analyses allowed 
us to answer important questions about the direction the PV sector is taking in terms of 
sustainability. This was possible despite the large underlying uncertainties in predicting 
future evolution of immature technologies, and the wide array of modelling choices across 
LCA studies which can lead to large variabilities, even in harmonized results. From an 
overall environmental perspective, thin film silicon and dye-sensitized cells presented a 
considerable lead, followed by thin film chalcogenide, organic and silicon. As many of the 
assessments are still based on early design concepts, the results we presented should not 
be used as arguments to hinder further research on specific technologies. Rather, they may 
be used constructively to highlight research pathways that can result in more 
environmentally competitive designs. Emerging concepts that are lagging in this respect 
can address their shortcomings by aiming to reach higher efficiencies, longer lifetimes, 
substituting novel materials and/or reducing the energy intensive of their manufacturing 
processes.  

This meta-analysis investigated environmental life cycle impacts based on the LCA 
method. LCA aggregates environmental emissions and impacts in large production and 
consumption systems that occur in many different places and times. This temporal and 
spatial integration is helpful to compare product systems based on their total life cycle 
emissions, but LCA results do not necessarily reflect actual risk at a specific location or 
time. Risk assessment can provide an idea of actual risk by combining release, 
environmental fate and exposure to emissions and comparing them to thresholds on which 
adverse effects occur.36 Both frameworks are complementary and necessary.12,37 We 
believe future studies incorporating risk assessment results into a meta analyses 
framework like the one developed in this study could provide a comprehensive and 
valuable tool for guiding research and policy in the PV sector.   

!
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assessment and guidance for sustainable manufacturing 

Abstract 
Multijunction III–V/silicon photovoltaic cells (III–V/Si), which have achieved record conversion 
efficiencies, are now looking like a promising option to replace conventional silicon cells in future 
PV markets. As efforts to increase efficiency and reduce cost are gaining important traction, it is 
of equal importance to understand whether the manufacturing methods and materials used in 
these cells introduce undesired environmental trade-offs. We investigate this for two state-of-the-
art III–V/Si cell design concepts using life cycle assessment. Considering that the proposed III–
V/Si technologies are still at an early research and design stage, we use probabilistic methods to 
account for uncertainties in the extrapolation from lab-based data to more industrially relevant 
processes. Our study shows that even at this early stage and considering potential uncertainties, 
the III–V/Si PV systems are well positioned to outperform the incumbent silicon PV systems in 
terms of life-cycle environmental impacts. We also identify key elements for more sustainable 
choices in the III–V/Si design and manufacturing methods, including the prioritization of energy 
efficiency measures in the metalorganic vapour phase epitaxy (MOVPE) process and a reduction 
in the consumption of indium trichloride in spray pyrolysis. 

Keywords: LCA; III-V cells; multijunction cells; photovoltaics; environmental impacts 

Chapter 3 

Environmental impacts of III–V/silicon photovoltaics: life cycle 
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3.1. Introduction 
The last few decades have seen a dramatic increase in global efforts to accelerate the 
market penetration of renewable energy sources like solar photovoltaics (PV). It is well 
recognized that the success of a technology in the PV landscape is highly dependent on 
lowering the cost per unit of electricity generated (i.e., $/kWh). Such cost reductions have 
come either from lowering manufacturing costs, or from increasing conversion efficiency 
through technological innovation. Numerous alternatives to the conventional silicon-
based PV technologies have been introduced with the aim of minimizing the 
cost/efficiency ratio. Alternative options to silicon-based PV include thin-film cadmium-
telluride (CdTe), copper-indium-gallium-selenide (CIGS)1, perovskite2, organic3, dye-
sensitized4, and multijunction III-V cells5,6. Yet, while the focus on $/kWh reduction is 
driving innovation, it is equally important for the industry not to lose sight of the 
environmental impacts of the proposed technological changes. In order to avoid undesired 
environmental trade-offs, PV technology developers must constantly aim for the right 
balance between cost, efficiency and environmental impacts.7 Even more so in early 
research and development stages, when more sustainable design choices are cheaper and 
easier to implement.8  

This balance between cost, efficiency and environmental impacts is especially relevant for 
PV systems based on III-V solar cells. III-V cells use crystalline arrangements of elements 
from groups III and V of the periodic table (e.g., arsenic, phosphorus, aluminium, gallium, 
indium) to capture sunlight from parts of the spectrum outside of the physical limits of 
silicon. Despite having achieved record efficiencies amongst the newer generations of PV 
technologies9,10, the high production cost of III-V solar cells has so far restricted them to 
niche applications, such as concentrators, and space and military missions.11–14 One 
possible way to reduce cost is to replace the germanium substrate that has been used as 
a bottom cell with a silicon bottom cell instead (III-V/Si).11–14 If such innovations become 
scalable, III-V/Si solar cells could potentially take up a substantial part of the future PV 
market.11–14 Rapid shifts in technology and materials, however, may also introduce 
unforeseen environmental impacts, given that the manufacturing of the new generations 
of III-V solar cells involves energy intensive processes, and requires the use of highly toxic 
substances, such as arsine and phosphine. Small amounts of critical or scarce materials, 
such as indium and gallium, are also consumed in the processing of these cells.15,16  

In light of the promising technical and economic outlook of III-V/Si PV, in this study we 
complement the recent technological development efforts by assessing the life cycle 
environmental impacts of state-of-the-art III-V/Si PV design concepts. In doing so, we 
investigate whether the ongoing advances in these technologies may bring about 
undesired environmental trade-offs. Our assessment is also meant to serve as an early 
guidance for more sustainable design of III-V/Si PV cells that will eventually achieve an 
optimal balance between cost, efficiency and environmental impacts. 
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3.2. Methods 
We applied the life-cycle assessment (LCA) method17, which allows identifying and 
quantifying the environmental trade-offs in globally distributed product systems.18 We first 
defined the product system and its boundaries (section 3.2.1) and calculated the total 
energy and material inputs and outputs of each production step (section 3.2.2). Next, we 
assessed the impacts of the environmental inputs and outputs using life cycle impact 
assessment models (section 3.2.3). We then interpreted the results by considering the 
uncertainty and variability of the data and the influence on the results of various modelling 
choices (section 3.2.4). 

3.2.1. Product system definitions 
We used 1 kWh of electricity generated in a slanted-roof PV installation as the basis (i.e., 
functional unit18) to assess the environmental performance of the studied PV systems. 
Choosing electricity generation (instead of a given area of solar cell, for example) allowed 
us to account for the environmental benefits of higher cell efficiencies that require less 
module area and infrastructure materials to produce the same amount of electricity.  

A slanted-roof PV installation consists of solar panels, which contain the cells and the 
balance of system (BOS). The BOS includes the AC/DC inverter, cables and other 
supporting infrastructure necessary for the functioning of the installations. Multijunction 
III-V/Si cells have different configurations of ultrathin layers of elements from groups III 
and V of the periodic table (e.g., gallium, indium, arsenide and phosphide). These layers 
constitute the top cells, which are placed on top of a silicon substrate, or bottom solar cell. 
The top and bottom cells are designed to capture different wavelengths of the solar 
spectrum, allowing them to convert more energy than conventional silicon cells. Some 
additional intermediate III-V layers are required, e.g., for bonding and tunnel diodes that 
act as interconnecting layers between sub cells. We modelled two different III-V/Si cell 
designs based on lab-scale concepts of a 2-terminal III-V/Si cell that are being developed 
by a team led by Fraunhofer ISE.19,20 For a comparative reference we used the 
conventional single-crystalline (single-Si) PV systems that dominate the current PV 
market, based on data from the ecoinvent v3.4 LCA database.21 The three different cell 
designs are presented in Figure 3-1. 

The manufacturing of III-V/Si cells starts with the silicon wafer that constitutes the bottom 
cell. This wafer is similar to the one used in commercially available single-Si PV and its 
manufacturing process is well documented in the ecoinvent database.21 The silicon wafer 
is then grinded and etched to prepare it for coupling with the additional III-V cells.22 After 
grinding and etching, the cell is implanted with phosphorus and boron ions which are 
generated by creating an arc discharge in phosphine and boron trifluoride gas. The ions 
are then accelerated with specific energies to achieve the desired doping characteristics 
(e.g., depth of ion concentration and quantity).  
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This process is followed by annealing, a thermal treatment that helps to activate the 
dopants and repair any damage caused by the ion implantation process. A passivation 
layer, which reflects non-absorbed light back into the cell, is added to the backside of the 
cell by atomic layer deposition (ALD) of a 10nm film of aluminium oxide (Al2O3). This is 
followed by plasma enhanced chemical vapour deposition (PECVD) of a silicon nitrate 
(SiNx) film of 70-100nm. 

For the use phase, we considered a system lifetime of 30 years with no degradation, in line 
with most LCA studies of conventional silicon PV systems. While stability has been a 
sensitive aspect in LCA studies of some emerging PV technologies such as organic and 
perovskites24, III-V multi-junction solar cells are well known for applications in space 
where reliability is a key concern and significant tests are performed before a product is 
qualified for a space mission.25 III-V multi-junction cells are also significantly less sensitive 
to impurities since the absorber thickness is only on the order of 1-3 µm compared to 100-
200 µm for Si. This also relaxes the required diffusion length for photogenerated carriers, 
an important quantity in any solar cell material. Furthermore, the crystals are formed at 
high temperatures above 600°C and found to be very stable at operating temperatures up 
to 120 °C and even above. III-V multi-junction cells have already been deployed in 
concentrator photovoltaic modules where they operate at around 80°C with irradiance 
levels up to 1000 suns. All these harsh conditions have not been leading to any significant 
signs of degradation, making this technology very suitable for next generation 
photovoltaics with high reliability.26–28 

We excluded electricity distribution, final disposal/recycling and other end-of-life (EOL) 
options for the III-V/Si cells. We only focused on cradle to gate because the distribution 
of electricity is not specific to the III-V/Si system, and it is still too early to understand 
potential recycling options that may be applicable to the III-V/Si cells. We separately 
discuss the potential implications of recycling in section 3.3.5. 

The process flowcharts for each manufacturing route are presented in Appendix Figures 
A-2.1 and A-2.2. The systems are split between the foreground, which includes new
processes specific to the III-V/Si technology, and the background, which includes all the
raw materials, transport, energy and ancillary services further upstream in the supply
chain.

3.2.2. Data collection 
Input and output data for all background system processes was obtained from the 
ecoinvent v3.4 database.21 For the foreground processes, we collected data directly from 
technology developers and secondary sources such as scientific literature and technical 
equipment / safety data sheets. We used average European electricity markets as 
modelled in ecoinvent for all foreground electricity inputs and average global markets for 
raw materials. Many of the processes for manufacturing the III-V prototypes are still lab-
based, which could result in unrealistically high consumption of energy and materials. To 
account for this, we used proxies or extrapolated data where possible in order to represent 
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more realistic industrial-scale processes (e.g., use of in-line tools for wet chemical 
processes instead of single-use baths). We then attached uncertainties to these 
extrapolations and assumptions as described in section 3.2.4. The full life-cycle inventory 
of inputs, outputs and data sources for each of the foreground processes is presented in 
Appendix A-2, along with the corresponding calculations and assumptions. 

3.2.3. Impact assessment 
The life-cycle impacts were calculated following the methods recommended by the 
International Reference Life Cycle Data System (ILCD).29 We calculated impacts across 
all impact categories recommended by ILCD, including climate change, human toxicity, 
freshwater ecotoxicity, ionising radiation and depletion of mineral resources (see section 
3.3.1). 

3.2.4. Uncertainty analysis 
For emerging technologies, it is often the case that data is unavailable due to commercial 
sensitivities, is not fully representative as it may be based on lab-scale processes, or can 
only be expressed as ranges as the technology has not been fine-tuned.30 Table 3-1 
summarizes the key processes in the foreground with high uncertainty and the parameters 
used to characterize them. For the background system, we incorporated the uncertainty 
information supplied by the ecoinvent v3.4 database.31 We performed an uncertainty 
analysis by running 1000 Monte Carlo simulations for each alternative PV system.32 We 
used a dependent sampling method, which takes the same random values for parameters 
in processes that are shared by the alternative systems in each Monte Carlo run. This 
method provides a more realistic comparison and avoids over or underestimation of 
variance in the LCA model’s ouputs.33 We then tested the significance of the difference in 
impact scores between each alternative PV system using the modified null hypothesis test 
method proposed by Heijungs et al.34. For this we used the calculation tools for significance 
testing in LCA developed by Mendoza-Beltrán et al.35 

3.3. Results and discussion 

3.3.1. Environmental profile 
Figure 3-2 shows the impacts of the III-V/Si PV systems, taking the single-Si PV system 
as a comparative reference (100%). The III V/Si systems have lower scores than the 
single-Si system across all impact categories except for ionizing radiation and mineral 
resource depletion (concept B only). The high radiation impact, however, is a consequence 
of choosing the average European electricity market for the foreground processes, where 
countries like France and Ukraine contribute significant amounts of nuclear energy. It can 
also be seen that there is only a very slight difference between the direct growth (concept 
A) and the bonding (concept B) methods used to manufacture the III-V PV system, across
all impact categories except mineral resource depletion.
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Table 3-1 Uncertainty parameters for foreground data 

PPaarraammeetteerr  DDiissttrriibbuuttiioonn  MMooddee  MMiinn  MMaaxx  CCrriitteerriiaa  

Hazardous gas 
abatement – mass of 
granulate consumed 
per mass of gas inflow 

Triangular 7.65 kg 2.55 kg 7.65 kg Max value obtained from 
empirical lab results. Min 
value based on expert opinion 
(Fraunhofer ISE, personal 
communication). Mode set as 
max for worst-case scenario. 

GaAs substrate 
manufacturing – 
process losses during 
wafer slicing and 
polishing 

Triangular 70% 50% 70% Based on Lichtensteiger 
(2015)62 and Eichler (2012)63. 
Mode set as max for worst-
case scenario. 

GaAs substrate 
thickness 

Triangular 550 µm 450 µm 650 µm Based on expert opinion 
(Joanneum, personal 
communication).  

Equipment electricity 
consumption – 
calculated as power 
input (kW) * operating 
time (h) 

Triangular 75% 60% 90% We assume equipment not 
always operates at full power, 
which is especially the case 
for heating.  

Energy and mass 
inputs – taken from 
technical spec sheet 

None Reported 
value 

- - We take the value just as 
reported in the technical 
specifications sheet. 

Energy and mass 
inputs – taken from 
commercial brochure 

Triangular Reported 
value 

-20% +20% We take the value as reported 
in the brochure but add 
uncertainty that can arise 
from applying the technology 
in different conditions. 

Solvent quantities – 
taken from peer-
reviewed scientific 
literature, patents & 
third-party lab 
protocols for chemical 
synthesis 

Triangular –30% of
reported

value 

-45% Reported
value 

Much larger efforts are placed 
on recycling of solvents in 
industrial scale. 

Reactant quantities – 
taken from peer-
reviewed scientific 
literature, patents & 
third-party lab 
protocols for chemical 
synthesis 

Triangular Reported 
value 

-10% +10% Reactants are needed in 
stoichiometric quantities. 
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3.3.2. Key process contributions to impacts 
3.3.2.1. Climate change 

The individual process contributions to the climate change impacts of the III-V/Si 
(concept A) and single-Si systems are shown in Figure 3-3. Process contributions smaller 
than 1% are not shown. The electricity consumed by the MOVPE reactor is the dominant 
flow amongst the processes specifically related to the manufacturing of the III-V/Si cell. 
Even though other processes require similarly high temperatures (e.g., annealing), the 
throughput of MOVPE is much smaller. 

Only 31 four-inch wafers are treated in a one-hour run, while over 100 four-inch wafers 
per run are processed in the annealing furnace. In an MOVPE reactor, most of the energy 
spent for heating is lost as radiation in the cooled reactor walls and heaters. At this point, 
however, it is already challenging to increase the area throughput even more. Some 
experiments have been made to change resistance heating for induction heating in the 
past36, but these changes are not expected to create significant efficiency gains in the 
overall process.  

However, opportunities exist in the future to minimize the thermal mass that must be 
heated and possibly optimize the source utilization efficiency. Higher growth rates and 

Figure 3-2 Comparative impact results of III-V/Si PV systems manufactured using both III-V/Si concepts 
and commercial single-Si (slanted-roof) as modelled in ecoinvent v3.4. AC: acidification; CC: climate change; 

FET: freshwater ecotoxicity; FEU: freshwater eutrophication; HTC: human toxicity, cancer effects; HTNC: 
human toxicity, non-cancer effects; IRH: ionising radiation, human health; LU: land use; MEU: marine 

eutrophication; MRD: mineral, fossil and renewable resource depletion; OD: stratospheric ozone depletion; 
PM: particulate matter; POZ: photochemical ozone formation; TEU: terrestrial eutrophication; WRD: water 

resource depletion. 
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shorter growth time would also result in important energy efficiency improvements. There 
are some more developed MOVPE tools that already exist in the market like the Aixtron 
R6 that can handle more than 100 two inch wafers or 31 four inch wafers per run.37 Recent 
production type Planetary Reactors® can automatically load/unload 5x200 mm wafers. 
We further investigate the effects of this potential improvements in section 3.3.4.1. 

The manufacturing of the silicon wafer is another dominant process for both III-V/Si and 
single-Si systems. Here, however, the III-V/Si PV systems draw an advantage from the 
reduced area required per kWh, which greatly reduces silicon but also panel and balance 
of system material requirements. The inverter’s contribution is not offset by the smaller 
area because it depends on the power, so its contribution is equal in both III-V/Si and 
single-Si systems. 

Notably, the consumption of ultrapure gases is not an important contribution and, in most 
cases, falls below the 1% threshold (except for hydrogen and TMGa which contribute 2.06 
and 1.15% of the total impact respectively). This is also the case for the front contact 
metallization. While the manufacturing of engineered nanoparticles does require 
additional processing energy and materials vs. the bulk silver paste38,39, the smaller quantity 
of metal that is used in the nanoink-printed contacts appears to offset the impacts vs. using 
conventional metallization pastes. 

3.3.2.2. Human toxicity, non-cancer effects 

Copper feeds are the most important contributors to human toxicity impacts for both III-
V/Si and single-Si systems Figure 3-4. Copper is mainly consumed in the inverter and 
electrical installation, both of which are BOS components and not related to the III-V/Si 
or single-Si cells. MOVPE also has an important contribution to the toxicity impact 
categories as well, due to the large fraction of the electricity mix in the average European 
market that is coal based. Coal mining releases zinc, nickel, copper and other metal 

Figure 3-3 Relative contribution of economic flows and foreground processes to the total life cycle climate 
change impacts of generating electricity with a reference single-Si PV system (left) and a III-V/Si PV system 

(concept A – Direct Growth, right). BOS flows are indicated in blue, panel flows in grey. 
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emissions to water during the treatment of coal mining spoils, resulting in an important 
contribution to the total impact. In comparison to these life cycle impacts, the contribution 
of hazardous waste treatment of arsine and phosphine gases is very small (1.8%). 

3.3.2.3. Freshwater ecotoxicity 

The freshwater ecotoxicity impacts of both III-V/Si and single-Si systems are largely 
dominated by the metal components in the BOS. Here, the largest contributor is the 
treatment of scrap copper waste from the electrical installation. Copper as an input raw 
material also has important contributions to the installation of inverters. The use of toxic 
hydride gases in MOVPE again has a minor contribution in this category (5%), where the 
relevant contribution mostly derives from the coal-based fraction of electricity consumed. 
Powering the MOVPE reactor with a renewable source of electricity could reduce 
freshwater ecotoxicity impacts by up to 4%. 

3.3.2.4. Mineral resource depletion 

In this impact category, the bonding concept (B) performs considerably worse than 
the direct growth concept (A) and the single-Si reference systems. In concept B, the 
largest contributions to resource depletion result from the consumption of indium 
(47%), tantalum (25%), cadmium (6%) and silver (5%). The consumption of indium 
occurs mainly during the spray pyrolysis process which consumes indium 
trichloride in the solution. Tantalum is entirely consumed in the inverter, which is a 
BOS component required for all systems. Tantalum could also be used as anti-
reflection coating layer; however, we have considered titanium dioxide instead. The 
other important components are the aluminium alloy for the panel and arsine. 

Notably, the contributions to resource depletion from gallium and indium consumed 
in the MOVPE process are negligible in comparison. This may be attributable to the 

Figure 3-4 Relative contribution of economic flows and foreground processes to the total life cycle human 
toxicity (non-cancer effects) impacts of generating electricity with a reference single-Si PV system (left) and a 
III-V/Si PV system (concept A – Direct Growth, right). BOS flows are indicated in blue, panel flows in grey.
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low quantities of metalorganic precursors required per cell and the high precursor 
efficiencies achieved in the Aixtron reactor we modelled (gallium: 38%, indium: 
27%, aluminium: 38%). To put these values in perspective, we calculated the 
consumption of these metals (both identified as critical materials by the European 
Commission15) for a large-scale yearly production of 1 GWp of III-V/Si cells. Such 
large-scale manufacturing would consume 818 kg of indium per year. The global 
refinery production of indium was 760 tonnes in 2019 (estimated).40 Therefore, the 
III-V/Si market would demand 0.1% of current global supply.  

On the other hand, manufacturing 1 GWp of III-V/Si cells would consume 
approximately 80 tonnes of gallium, ca. 25% of the current world production of 
primary gallium (320 tonnes in 2019, estimated40). The reason behind the low 
impact score of gallium in this category is that the ILCD impact assessment method 
we used is based on a rough estimate of total gallium reserves rather than 
production41. According to the U.S. Geological Survey, gallium contained in world 
resources of bauxite can exceed 1 million tons, and a considerable quantity is also 
contained in zinc resources.40 Various authors have investigated the criticality of 
gallium and noted that current supply is still much lower than its actual potential.42,43 
As a result, such an increase in demand for III-V/Si cells would not necessarily 
compromise exploitable reserves, but could significantly change the future supply 
and market dynamics for gallium. 

3.3.3. Uncertainty analysis 
Figure 3-5 shows the results of the Monte Carlo simulations and presents the 
difference in impacts between the conventional single-Si systems and the III-V/Si 
systems. The positive values indicate a larger impact of single-Si. The Monte Carlo 
results show that the III-V/Si PV systems are overall likely to perform better 
environmentally than the commercial single-Si systems modelled in ecoinvent. In 
most cases, positive results appear to fall well within 75% confidence intervals. The 
exceptions to this are the impact categories of ionising radiation, where both III-
V/Si systems perform worse than single-Si by a factor of between 1 and 2, and 
resource depletion, where concept A (direct growth) performs worse by a factor of 
around 0.1-0.5. It can also be seen that concept A performs slightly better than 
concept B (bonding) in all impact categories, although the difference appears to be 
relatively small (except for the resource depletion impact category). The modified 
null hypothesis test with an alpha value of 0.05 further confirmed the statistical 
significance of these differences.   
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Figure 3-5 Monte Carlo simulation results for comparative impacts of III-V/Si PV systems vs. the reference 
single-Si PV system. Values are normalized to the deterministic impact score of the reference single-Si PV 
system. Positive values indicate a better performance of the III-V/Si systems. The middle line shows the 

median; the bottom and top edges of the box indicate the 25th and 75th percentiles respectively. The whiskers 
show minimum and maximum values, with outlier points removed. 

3.3.4. Sensitivity analysis 
3.3.4.1. Technological advances and supply chain optimizations 

The reference single-Si PV system from ecoinvent v3.4 is representative of 
technologies installed before the year 2010.21 However, several technological 
advances in single-Si PV have been made since then. For example, the aluminium 
back surface field (Al-BSF) technology has given way to the passivated emitter and 
rear contact (PERC) cells resulting in higher module conversion efficiencies.44 There 
have also been considerable optimizations in the energy and materials used in the 
silicon supply chain, as well as in metallization, module and balance of system 
components.45 These optimizations can also be expected to benefit the III-V/Si PV 
systems, but to a lesser extent. We therefore tested how these improvements could 
affect the comparative advantages and disadvantages of the III-V/Si PV systems 
vs. newer PERC single-Si systems.  

As shown in Figure 3-6, the improved supply chains for silicon and BOS reduce the 
comparative climate change impact score of the reference single-Si system (Al-BSF) 
by 34%. These same material reductions lower the climate change impact of the 
III-V/Si systems by 24% because of the smaller impact of the silicon bottom solar
cell and the improved panel and BOS infrastructure. Further implementation of
PERC technologies and raising single-Si module conversion efficiencies to 17, 18
and 19% result in additional reductions of 13.3%, 2.7% and 2.3% respectively.

It is also expected that the fabrication of the III-V layers in the III-V/Si tandem cell 
will improve with the maturity of the technology in the future.46–48  One of the largest 
contributions to the climate change impact is the energy consumption during the 
MOVPE process, which currently accounts for 8.8 kWh for one single 156x156 mm2 
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wafer. This consumption was estimated based on a pilot MOVPE reactor design 
that can process 31 x 4-inch wafers per hour. By comparison, some modern day 
silicon chemical vapour deposition (CVD) reactors can process over 1000 wafers 
per hour49, with energy consumptions as low as 0.014 kWh per wafer. If a similar 
performance is achieved with the III-V/Si process, this could result in an energy 
reduction in MOVPE of more than 99%, making the impact contribution of MOVPE 
almost negligible.  

Figure 3-6 shows how such expected reductions in MOVPE energy consumption 
would decrease the comparative climate change impact score of the III-V/Si 
systems. There is roughly a 5% total impact reduction for each 30% MOVPE energy 
efficiency improvement. In the best scenario with negligible MOVPE energy 
consumption, the climate change impact score of the III-V/Si PV system comes 
down to 38 g CO2eq per kWh electricity generated. In such situation, III-V/Si 
systems would perform better than the most advanced PERC Si systems in all 
impact categories except ozone depletion and photochemical ozone formation. In 
the former category, a small disadvantage (~3%) remains attributable to the methyl 
chlorides required for the production of metalorganic compounds. In the latter 
category, the remaining disadvantage (~5%) is attributable to the hydrogen gas 
consumed in the MOVPE process. Similar graphs for other impact categories are 
provided in the Appendix Figure A-2.2.  

Next to energy efficiency improvements and increased throughput in MOVPE, 
external policies to increase the participation of renewables in the European energy 
mix can have an equally important effect. If we take the 2040 projections in the 
Sustainable Development Scenario proposed by the International Energy Agency50, 
with 73% renewables, 16% nuclear, 10% natural gas and 1% coal, the contributions 
to climate change and human toxicity impacts from MOVPE alone would be 
reduced by more than 90%.  

Figure 3-6 Change in climate change impact scores as a result of technological improvements. 2009: 
Reference data (2009) for silicon, module and BOS supply chains from ecoinvent v3.4; 2015: Updated IEA 

PVPS data (2015) for silicon, module and BOS supply chains; η: module efficiency; EMR.: Energy 
consumption of MOVPE process per wafer. 
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3.3.4.2. Hazardous gas abatement 

One parameter that is highly uncertain due to unavailability of data is the hazardous 
gas abatement process for MOVPE exhaust gases. The consumption of adsorbing 
granulate in this process was calculated from an experimental run conducted by 
Fraunhofer ISE in Freiburg, Germany. However, the precise granulate composition 
is undisclosed by the manufacturer and we used secondary data from literature.51 
We tested this assumption by modelling an additional worst-case scenario where 
the granulate had a composition of 80% copper oxide and 20% activated silica. We 
also assumed that none of the granulate is recycled or regenerated, which is not a 
realistic situation as important efforts in the industry to recover copper content are 
already being applied. With this setup, the increase in climate change impacts is 
negligible, and for freshwater ecotoxicity the impact of the hazardous waste process 
increased by 4%. For human toxicity, the impacts are more significant, and showed 
an increase of nearly 12%. These increases are mostly attributed to the 
consumption of copper oxide for preparation of the adsorbent granulate. In this 
worst-case scenario for hazardous waste, III-V/Si still outperforms single-Si with an 
18% lower impact score. Reducing the amount of copper in the granulate may be 
an effective way to balance the impacts of increasing adsorbent requirements.   

3.3.4.3. Carrier gases and inert atmospheres 

Carrier or inert gases for processes like MOVPE, PECVD, ion implant and annealing 
are consumed in large volumes. Therefore, any change in their quantities or 
environmental profile could propagate throughout the whole system. Some authors 
have  argued for the technical and environmental advantages of hydrogen over 
nitrogen for MOVPE52,53, but overall there appears to be some room for flexibility. 
Based on our model, nitrogen performs better than hydrogen in terms of climate 
change by a factor of approximately 3 (1.04 vs. 0.32 kg CO2eq per m3 of gas). It also 
performs better in terms of photochemical ozone formation and particulate matter. 
In all other categories, it performs worse by an equal factor of 3. This indication 
appears unaffected by the different purification processes required for each gas. 

The sourcing of these carrier and inert gases also merits closer inspection from an 
environmental perspective. We tested two options for hydrogen; on-site generation 
with a proton exchange membrane system (PEM) and procuring of commercially 
available liquefied hydrogen produced off-site via steam methane reforming (SMR). 
The latter option scored better by a factor of almost 3 in terms of climate change 
(2.77 vs 1.04 kg CO2eq per cubic meter of gas) and by a factor of approximately 25 
in terms of human health and freshwater ecotoxicity. The poor performance of the 
PEM system is related to the coal-based fraction of the energy mix. However, this 
could change significantly if the PEM system is powered with renewable electricity. 
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3.3.4.4. GaAs substrate (bonding method only) 

The vertical gradient freeze (VGF) crystal growth method for GaAs substrates is 
quite energy intensive. It also consumes much more gallium because the substrate 
is considerably thicker than the III-V layers (by two orders of magnitude). Therefore, 
the reuse rate that is achievable for this substrate will be of high importance. There 
is a realistic potential for reuse >100 times, in which case the GaAs substrate would 
only be a minor contribution to the overall environmental footprint (ca. 2 g CO2eq 
or 3% of total contribution). If the recycling rate falls to 30 times, the GaAs substrate 
would add 7 g CO2eq, or 9% impact contribution. In this pessimistic scenario, the 
climate change impacts of the III-V/Si system would still be 20% less than the 
reference single-Si system. 

3.3.4.5. Laser treatment vs. wet chemical processing 

The laser processes involved (epitaxial lift-off and front-contact sintering) have also 
been attempted using wet chemical processing. We compared both alternatives to 
investigate whether there is an overall preference for laser-based methods, which 
are mostly dependent on energy inputs. For the lift-off process, the laser treatment 
contributed 1 g CO2eq (ca. 1.5%), while a chemical treatment using approx. 1.4 gr 
of hydrogen fluoride per wafer would only contribute 0.17 g CO2eq. (ca. 0.2%).  

In sintering the nanoink-printed front contacts, the laser treatment contributed a 
negligible amount to all impact categories. We modelled an alternative lab-based 
process for chemical sintering of the nanoink, using 50 mL of formic acid, 5 mL of 
ethanol and 42 L of ultrapure nitrogen to sinter a 1 cm2 sample. This process would 
contribute an additional 0.2 kg CO2eq. to climate change, multiplying the total 
impact of the III-V/Si systems by a factor of nearly 3. An industrial setup for such 
process would have to be able to sinter a cell area 60 times larger using the same 
quantities of chemicals in order to keep the impact contribution within 5%. This 
suggests that laser sintering is a clearly preferred method from an environmental 
perspective.  

3.3.4.6. Silver vs. copper nanoink for front contacts 

Silver nanoink showed a slightly higher impact (+1-3%) than copper in most impact 
categories, when using the laser-based sintering method. However, these small 
relative differences would not make a noticeable change in the overall impact of the 
III-V/Si PV systems.  On the other hand, silver nanoink can be sintered by thermal
treatment in open air, i.e., it would not require the use of formic acid, ethanol and
nitrogen. Therefore, if the chemical sintering method is chosen over laser sintering,
then silver nanoink would be a much better option.

3.3.5. Potential recycling of III-V materials 
The environmental benefits and technical feasibility of recycling important 
quantities of materials like glass, aluminium and silver from conventional silicon PV 
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modules have been discussed by various authors.54 However, even after many years 
there are still important economic barriers hindering this and today only 
approximately 10% of silicon PV panels are recycled.55 III-V/Si cells could present 
additional technical and economic challenges because of the complexity of the 
crystalline layers. Yet it may still be the case that waste management regulations or 
constricting markets promote the case for recycling of critical elements like gallium 
and indium from III-V/Si cells.  

Scant work has been conducted to date on recycling of III-V cells, but significant 
work has been published on recycling of light-emitting diodes (LEDs) which have 
similar compositions of III-V materials and are also grown via MOVPE.56–61 These 
methods, which include combinations of mechanical, chemical and thermal 
processing, have been able to recover more than 90% of gallium and indium. Yet 
they tend to be quite energy intensive, in some cases requiring processing 
temperatures of up to 1000°C to be sustained for long periods of time. A detailed 
assessment of such options is out of scope for this work, but some preliminary 
calculations can help to set expectations. Each modelled III-V/Si cell contains 
approximately 2.3 mg of indium and 220 mg of gallium (for concept A). Sourcing 
these quantities from virgin product adds a CO2 footprint of 0.7 and 54 g CO2eq 
respectively. These amounts set an upper threshold for the carbon emissions of the 
proposed recycling processes if environmental benefits are to be derived. For a 
comparative reference, annealing 100 cells at similarly high temperatures for 1 hour 
added 40 g CO2eq per cell. Therefore, beyond criticality considerations discussed 
in section 3.3.2.4, it seems challenging for the recovery of III-V materials to deliver 
significant environmental benefits.    

An additional incentive for recovery/recycling of III-V materials from the cells 
could be the avoidance of possible leaching of toxic arsenic compounds to soil and 
groundwater. Following a similar calculation as before, each III-V/Si cell contains 
360 mg of arsenic. In a pessimistic scenario where the entirety of arsenic leached 
and infiltrated into groundwater, this would raise the freshwater ecotoxicity impact 
of the III-V/Si systems by roughly 260%. Note however that this is highly unlikely 
since the arsenic would be contained in a III-V crystal lattice and would be much 
less soluble under normal atmospheric conditions.  

3.4. Conclusions 
We can conclude that the environmental outlook of III-V/Si PV systems looks 
promising if module conversion efficiencies of 28% or above can be reached with a 
cost competitive product. Our results demonstrate that the higher conversion 
efficiency of III-V/Si tandem cells can indeed compensate for the impacts of the 
additional processes and materials used in its manufacturing. Since the operation 
phase of the III-V/Si system has negligible environmental inputs and outputs, the 
impacts are almost entirely (>99.99%) embedded in the infrastructure. The 
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infrastructure increases proportionally to the total module area required for the 
generation of 1 kWh, and the cell area is inversely proportional to cell efficiency. 
This creates a strong negative correlation between cell conversion efficiency and 
environmental impact, which reduces not only the impacts of the III-V/Si cell but 
also of the smaller panel framework and mounting system needed to produce the 
same amount of electricity.  

We further showed through a sensitivity analysis that, factoring in technological 
advances of the past decade for single-PV and further process optimizations during 
upscaling of III-V/Si, the difference between both systems may eventually become 
narrower. In such a scenario, the deciding factors may then turn to limitations like 
space availability in urban areas (favouring III-V/Si) or criticality of specific 
materials like gallium (favouring single-Si).  

Having probed every processing step and their commercially and technically viable 
alternatives, our investigation produced several important takeaways for III-V 
technology developers to prioritize in their designs. First, energy efficiency 
measures in the MOVPE process are the most effective way to improve the 
environmental profile of III-V PV technologies. Additional room for noticeable 
improvement in CO2 footprint is in the thermal processing, where rapid thermal 
annealing or other more energy efficient methods can be pursued. Second, with 
respect to hazardous gases like arsine and phosphine, we have found that the toxic 
impacts (from an LCA perspective) are mostly attributed to the use of (primary) 
copper in the scrubber granulate that is required to absorb the gases. This is due to 
the fact that, under standard operating conditions, negligible quantities of arsine and 
phosphine are emitted directly to the environment.  

Mining copper for the granulate does result in direct environmental emissions of 
heavy metals and other pollutants. Therefore, the industry’s increasing focus on 
reusing copper in adsorbent granulates is well placed in order to manage the use of 
these gases sustainably. Third, on-site generation of carrier gases is only preferable 
when the electricity source powering the systems is mostly renewable. Fourth, 
epitaxial lift-off and bonding is also an environmentally acceptable manufacturing 
route insofar as GaAs substrate can be reused at least dozens of times, and the 
indium trichloride consumption for spray pyrolysis can be reduced or alternative 
adhesives proposed. In the bonding route, chemical lift-off is preferred over laser 
lift-off. Finally, chemical sintering of copper ink can introduce significant 
environmental burdens from the formic acid, therefore a laser sintering method is 
preferable.    

While keeping these elements in mind, it is still the case that larger and more easily 
achievable improvements for both III-V and single-Si PV systems may come from 
improving the life cycle impacts of silicon wafers, panel frame and BOS 
components, where a large fraction of most impacts resides. These can come from 
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reducing the silicon wafer thickness and losses, and from using recycled or 
substitute materials for panel (aluminium) and electric components (copper).  
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Assessing the sustainability of emerging technologies: a 
probabilistic LCA method applied to advanced photovoltaics 

Abstract 
A key source of uncertainty in the environmental assessment of emerging technologies is the 
unpredictable manufacturing, use, and end-of-life pathways a technology can take as it progresses 
from lab to industrial scale. This uncertainty has sometimes been addressed in life cycle assessment 
(LCA) by performing scenario analysis. However, the scenario-based approach can be misleading 
if the probabilities of occurrence of each scenario are not incorporated. It also brings about a 
practical problem; considering all possible pathways, the number of scenarios can quickly become 
unmanageable. We present a modelling approach in which all possible pathways are modelled 
as a single product system with uncertain processes. These processes may or may not be selected 
once the technology reaches industrial scale according to given probabilities. An uncertainty 
analysis of such a system provides a single probability distribution for each impact score. This 
distribution accounts for uncertainty about the product system’s final configuration along with 
other sources of uncertainty. Furthermore, a global sensitivity analysis can identify whether the 
future selection of certain pathways over others will be of importance for uncertainty in the impact 
score. We illustrate the method with a case study of an emerging technology for front-side 
metallization of photovoltaic cells. 

Keywords: life cycle assessment; uncertainty analysis; global sensitivity analysis; emerging 
technologies; LCA; sustainability assessment 

Chapter 4 
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4.1. Introduction 
Whenever a new technology is proposed, the main concern from an environmental 
perspective is whether it will satisfy certain societal needs at the expense of introducing 
unwanted environmental burdens. This has happened often in the past, sometimes 
resulting in global-scale environmental issues that were not foreseen. Life cycle 
assessment (LCA) is until now the only environmental assessment method that can 
systematically reveal undesired environmental trade-offs that may result when an existing 
technology is replaced by a new one1. Because of this, the application of LCA in early 
research and development (R&D) stages has gained considerable traction in recent years2 
and is even recognized by the European Union as an essential component of the R&D 
projects it is funding3.  

The LCA method was originally developed to study systems for which sufficient 
information about material and energy inputs and outputs, as well as the cause-effect 
relationships throughout the entire supply-chain of a technology is obtainable. This is 
already challenging for well-established technologies, let alone for technologies that are in 
development and have not yet been commercialized. In both cases, many uncertainties 
arise from missing or inaccurate data, spatial and temporal variability of process 
parameters, spatial and temporal variability of characterization models, and inaccuracy of 
characterization models, amongst other sources4–6. The standard approach for dealing 
with these uncertainties in LCA is to represent them using stochastic parameters with 
probability distributions (e.g., uniform, normal or lognormal) instead of fixed values, and 
then propagate them by random sampling and calculation of the resulting impacts in 
numerous Monte Carlo simulations. Rather than a single impact score, this approach 
produces a probability distribution for the impact score which can also be described by its 
mean, mode, variance, percentiles, and/or other statistical descriptors7.  

For emerging technologies, the challenge of dealing with uncertainty is even greater 
because these technologies have not been tested in a real operating environment and 
many design aspects have not been settled yet8–11. At any given point in time during the 
R&D process, there are many unknowns as to how the numerous technical and economic 
roadblocks to a successful marketable product will be eventually overcome, if they are 
overcome at all. In addition to this, the technology must be evaluated in the future 
economic and environmental context in which it will be deployed. An LCA model that 
attempts to forecast the impacts of such an unproven and immature technology therefore 
has potentially larger and more diverse sources of uncertainty (Table 4-1).  

Following the typology of Huijbregts et al.4, some of these uncertainties can be represented 
as “parameter” uncertainties, e.g., when the quantities of material and energy inputs and 
outputs required in each manufacturing step may decrease as a result of future process 
optimizations. If reasonable estimates for the expected changes in these quantities is within 
reach, then this type of variation can be incorporated via the aforementioned Monte Carlo 



____ 
63 

methods using most LCA software. Other perhaps more consequential types of 
uncertainty are related to which specific manufacturing steps will ultimately enable the 
early design or concept to become technically and economically feasible. Numerous and 
widely diverse engineering solutions are proposed and tested during early R&D stages, 
and these may or may not be a part of a technology’s future product system configuration 
once it reaches maturity. We refer to these different possible configurations as 
“technological pathways”, each of which is further pursued and investigated in subsequent 
R&D stages in order to find the one that ensures technical and economic feasibility. This 
type of uncertainty can be classified as “scenario uncertainty” and has often been 
addressed in LCA by modelling each technological pathway as a separate scenario2,8,12.  

 

LLCCAA  pphhaassee  UUnncceerrttaaiinnttyy  
ssoouurrccee  

UUnncceerrttaaiinnttyy  
ttyyppee  

CCoonntteexxtt  iinn  LLCCAA  ooff  eemmeerrggiinngg  tteecchhnnoollooggiieess  

Goal and 
scope 

Functional unit Scenario The technology may ultimately be used in ways 
different than the one projected initially, or it may 
be used for multiple/different purposes. 

System 
boundary: end-
of-life (EOL) 

Scenario The possibilities for reuse/recycling often 
develop after the technology has been deployed, 
and/or when it is economically feasible. It is not 
known if and how this will happen. 
Regulations may change with respect to EOL 
requirements. 

Inventory Unit process Scenario The manufacturing methods will most likely 
change as the technology moves from the lab to 
industrial scale. 

Flow quantities Parameter Cost and process optimizations will likely lead to 
reduced or substituted material and energy 
input/output flows. 

Allocation Parameter The parameters used to establish the criteria for 
allocation of multifunctional processes might 
change in time. E.g., forecasted market values in 
the case of economic allocation. 

Impact 
assessment 

Characterization 
model 

Model Novel materials may have unknown or 
insufficiently studied impact mechanisms or 
pathways. 

Characterization 
model: fate 

Parameter Landscape parameters that affect transport and 
fate of substances may change in time, e.g., global 
temperature. 

Characterization 
model: 
exposure 

Parameter Parameters that affect exposure e.g., population 
densities or diets may change in time.  

Characterization 
model: effect 

Model Marginal changes may result in exponentially 
larger effects as the baseline condition 
deteriorates. E.g., impact of increased radiative 
forcing on ecosystems. 

 

Table 4-1 Additional uncertainty sources specific to LCA of emerging technologies. 
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Assessing and comparing different scenarios  is useful when a design choice can be made 
on sustainable grounds13. However, the usefulness of this approach is more limited when 
there is no choice, rather a technological pathway that will eventually emerge as the –often 
only - economically and technically viable option. If the LCA results are meant to guide 
funding decisions that must be made with the current state of information, a comparative 
assessment of two or more scenarios can be misleading, even more so if the probability of 
one occurring is higher than the other. Another limitation is of a more practical nature; 
considering all the different possible technological pathways, the number of scenarios will 
most likely become unmanageable and their interpretation confusing if not impracticable. 

To address these limitations, in this paper we propose a probabilistic approach in which 
all technological pathways being pursued by the developer are combined in a single 
product system. The competing pathways are activated or deactivated in each Monte 
Carlo run according to their probabilities of success by stochastic triggers or switches that 
are built into the LCA model. This type of model setup builds upon those proposed by 
other authors for combining different scenarios and/or modelling choices in single product 
systems4,14–16. It has been shown that these models allow the joint propagation of 
parameter, scenario and model uncertainties, producing a single probability distribution 
for the studied system’s impact score.  

The framing and methods we propose extend and refine the previous work of these 
authors in various ways. First, in applying this approach to emerging technologies we 
propose a clear separation between (i) uncertainty about the potential success of 
competing technological pathways, and (ii) uncertainty introduced by subjective modelling 
choices or preferences related to allocation, system boundaries, and future external 
scenarios. The former constitutes an inherent uncertainty about the product system and 
its effect is appropriately reflected by a single output impact score distribution. The latter, 
on the other hand, is best investigated as separate scenarios, in order to distinguish the 
effects of subjective choices and make them more transparent. 

To further differentiate between (i) and (ii), we note that the stochastic triggers we use in 
(i) to activate technological pathways are objective parameters with a true value: each
pathway either can or cannot overcome the technical and economic barriers the
technology concept faces, but this is unknown at present by the developer. This true value
–the uncertainty of which is adequately characterized by a Bernoulli distribution - will only
be found by future R&D and testing. On the other hand, subjective value choices as in (ii)
do not have an empirical “true” value and their joint propagation risks masking the effect
of such subjective choices, reducing model transparency15.

Second, our method investigates the effects of uncertainty about the probabilities (chances 
of success) of each pathway/scenario, which most likely exists in early R&D. This 
uncertainty about the input probabilities is often called second-order uncertainty17,18. We 
characterize these uncertainties using different types of probability distributions for these 
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parameters other than uniform, allowing for a more refined and realistic representation of 
the expectations of technology developers.  

Finally, we demonstrate the application of a global sensitivity analysis (GSA) method that 
is suitable for such a model and highlights which uncertainties - including those from 
competing technological pathways as well as second-order uncertainties - are most 
relevant from an environmental perspective. Our aim with this is to identify incentives to 
more actively pursue research towards resolving the most sensitive ones. If they cannot 
be resolved, the information can and should be used to select the more relevant pathways 
that merit further investigation via e.g., local sensitivity analysis. In this case, the definition 
of scenarios for further investigation as a subsequent step becomes more objective and 
systematic, as the modeller will have quantitative criteria to select those that are most 
relevant.  

4.2. Methods 

4.2.1. Configuring the parametrized product system 
To perform LCA calculations on a single system that combines different technological 
pathways, we use random parameters that activate or deactivate the inputs from the 
competing processes according to their underlying probabilities of occurrence (i.e., 
chances of success). To each competing process, we attach a random trigger that takes 
on a value of 0 or 1, so that it activates or deactivates the process flow according to a 
defined Bernoulli distribution function. The Bernoulli distribution is a discrete distribution 
that has two possible outcomes: success (=1) occurs with probability π, and failure (=0) 
occurs with probability 1- π, where 0<p<1 19.  

Step 1: Identify the relevant technological pathways.  The first step is to screen for the possible 
technological pathways that are being pursued, and the corresponding unit processes that 
are to be included in the single product system. This can be aided by a quick-scan lab-
scale LCA and by eliciting expert knowledge and expectations of technology developers. 
The result of this step is a tree of possibilities that includes a number of pathways to fulfil 
the intended function(s) of the technology. This step would screen for alternative 
competing unit processes in all life-cycle stages, including manufacturing but also use and 
end-of-life options. 

Step 2: Set up the product system. The competing unit processes (process X and process Y) 
are connected as providing simultaneous inputs to process Z as shown in Figure 4-1.  

Step 3: Determine the required flows. Each competing process may contribute in a different 
way. For example, process Z may use either 1 kg of the product made by process X or 2 
kg of the product made by process Y. Both quantities are added to the process Z as if they 
occur simultaneously, so the inputs of process Z are 1 kg of product from process X and 
2 kg of product from process Y. 

 



____ 
66 

Figure 4-1 Product system with a process (Z) that requires an input from two competing, mutually exclusive 
process (X or Y). 

Step 4: Determine the probabilities of occurrence of each flow. The probability of occurrence of 
X or Y will most likely be determined based on expert knowledge or expectations from 
the technology developers about technical and/or economic feasibility. For example, they 
may be estimated by looking at trends in related technologies, or by using economic 
forecasts for each alternative as a proxy. The criteria should be tightly linked to the 
functional unit of the technology, and the chances each option has of contributing to this 
function in an optimal (technical and economic) way.  We define π as the probability of 
process X being selected, where π is a value between 0 and 1. Then the probability of 
process Y being selected is 1- π.  

Step 5: Define parameter T.  We will use a random number T to switch each flow on or off, 
by taking 1 for ‘on’ and 0 for ‘off’. We generate T from a Bernoulli distribution, which is 
equivalent to a binomial distribution with 1 single trial (n=1) and probability π. 

T ~ bin(n=1, π) 

If there are more than two competing unit processes for the same element of the 
technology’s product system, the generalized version of the Bernoulli distribution can be 
used, namely the categorical distribution. In this case we would define the probability of 
process X as πx, the probability of process Y as πy, and the probability of process Z would 
be πz = 1 - (πx + πy). A similar result can be achieved by nesting the alternatives so that 
their combined probabilities result in the desired individual probabilities (see Appendix 
Section A.3.1 for implementation notes).  
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Step 6: Apply the triggers to each flow. Because they are competing processes, only one flow 
can be activated at a time. This is achieved by multiplying process Z’s input from process 
X by [T] and the input from process Y by [1-T].  

Step 7: If applicable and known, add uncertainty to the probability of occurrence (success) of each 
flow. The probabilities of each flow occurring may be given as a range, rather than fixed. 
For example, “the chance of using process X instead of process Y may be between 30% 
and 50%”. In this case, a uniform distribution with minimum 0.3 and maximum 0.5 can be 
used. The uncertainty about the probabilities can be characterized in even more detail by 
using non-uniform distributions. Such is the case when a range of probabilities is expected, 
but there is more confidence around a certain value. For example, the chance of using 
process X instead of process Y is between 30% and 50%, but most likely 40%. This can be 
characterized by a triangular distribution with min 0.3, max 0.5 and mode 0.4. To 
implement this, the uncertainty distribution is directly applied to parameter π in the 
equations above. Wide ranges can be used in this step when there is limited knowledge 
about the probabilities. The relevance of this second-order uncertainty will be investigated 
afterwards in the global sensitivity analysis, indicating whether further efforts are necessary 
to make the predictions more accurate. 

Step 8: Run the Monte Carlo simulation.  The Monte Carlo simulation is run for the single 
product system. In each run, uncertain flows and characterization factors will take on 
random values according to their underlying probability distributions, and the effects 
propagated towards the calculation of the impact score. In the same way, the random 
triggers will randomly activate or deactivate the alternative technological pathways, 
according to their chances of success. The sampling in each run is done in a dependent 
way as recommended by Henriksson et al.20 and Mendoza Beltran et al.21, in order to 
ensure that shared unit processes across both systems take the same random values in 
each run. The inventory or impact assessment output will represent a future system that 
has a probability π of using process X and a probability π -1 of using process Y.  

Step 9: Global sensitivity analysis.  Several sensitivity indices and the corresponding 
algorithms to calculate or estimate them have been proposed for GSA22. These methods 
can calculate or estimate how much each uncertain input contributes to the model’s output 
variance, for all or a subset of uncertain input parameters. For our model we propose the 
delta moment-independent sensitivity measures23 which had previously been 
implemented in LCA by Cucurachi et al.24. Various methods have been proposed to 
estimate the delta measures25,26; we used the betaKS3 MatLab subroutine developed and 
provided by E. Plischke and E. Borgonovo upon request27 (see Appendix Section A.3.2).  

The sensitivity measure and corresponding estimation algorithm we propose present 
several important advantages for our model: (i) it accounts for possible correlations 
between uncertain input parameters; (ii) it has a significantly faster computation time and 
less memory usage, which is essential for models with tens or hundreds of thousands of 
uncertain parameters as in the case of large LCA databases like ecoinvent28; (iii) it is 
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independent of the model and only requires the values taken by the uncertain input 
parameters and the outputs (impact scores) in each Monte Carlo run, making them easy 
to apply in LCA; (iv) it is moment-independent, i.e. reflects expected changes in the actual 
output distribution rather than an approximated curve fit (typically a lognormal distribution 
with an estimated mean and variance). This is especially important in our framing given 
that, as we will show, the superposition of different technological pathways may produce 
output impact score distributions with more than one peak (multimodal or 
heteroscedastic). In such cases, variance-based sensitivity measures would not provide 
accurate estimates of importance. Finally, (v) it can take uncertain input parameters with 
discrete distributions, such as the binomially distributed triggers we used. 

4.2.2. Case study of emerging photovoltaic technologies 
We applied the method to a real-life case study in order to determine whether it was 
computationally feasible, if the results are in line with expectations and to further explore 
what types of conclusions can be drawn from the analysis. For this, we chose an emerging 
technology for metallization of the front electric contacts of photovoltaic (PV) cells that 
uses silver or copper metallic nanoinks. The special properties of the nanoparticles in the 
ink enhance the cell’s performance by reducing the shadow, i.e. the area of cell that is 
covered by the metallic patterns and does not receive sunlight. It can also reduce the 
amount of silver required vs. traditional screen-printing methods. The case study is an 
ideal situation to investigate whether secondary materialization is occurring, while many 
possible configurations of the manufacturing and mainstream use of the technology are 
yet to be resolved. The concept of secondary materialization, introduced by Williams et 
al.29, suggests that “technological progress tends to increase energy and material use associated 
with products and is thus a counterforce to efficiency improvements attributed to 
dematerialization”. 

Preparation of the metallic nanoinks starts with the manufacturing of metallic 
nanoparticles via one of two possible routes; physical (or “top-down”) methods apply 
energy to fracture larger particles to nanoscale sizes, and chemical (or “bottom-up”) 
methods create the nanoscale particles from even smaller molecules using chemical 
reactions 30. We based our calculations for these processes on the life-cycle inventories 
reported by Pourzahedi and Eckelman31 and Slotte and Zevenhoven32. The nanoinks 
consist of a solution of metallic nanoparticles in alcohol/hydrocarbon (for silver) or 
polymer (for copper) and are deposited in patterns on the front side of the cell by inkjet 
printing to form an initial “seed layer”. The printed patterns then have to be sintered, using 
either a thermal (laser) or a chemical process that consolidates the metallic particles in the 
pattern 33. Sintering of silver nanoparticles can be done in open air, while copper nanoink 
requires an oxygen-free atmosphere to avoid formation of undesired oxides on the 
contacts34. Once sintered, the fingers are grown to a final thickness of 12.5µm by 
electroplating. Three busbars are placed on the cell using the conventional screen-printing 
methods that are used for the fingers in most commercially available silicon PV cells.  
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Figure 4-2  and Table 4-2 show the different competing alternatives and the parameter values 
used in the model. Additional calculation notes are presented in Appendix Section A.3.3. 

In addition to the five stochastic triggers T1-T5 and their uncertain probabilities of success 
π1- π5, we also included three input parameters subject to the more conventional form of 
uncertainty commonly addressed in LCA. First, we varied the amount of sintering gas 
mixture consumed per PV cell, dividing it by a random, triangularly distributed value (P6) 
with min:1, mode:5 and max:10. Second, we considered uncertainty in the amount of 
electrolyte solution consumed in electroplating per PV cell, i.e. how many cells can be 
treated per batch. We represented this by a parameter P7 that divided the amount of 
solution required by a random, triangularly distributed value with min:10, mode:50 and 
max:100. Finally, we considered a potential increase in cell conversion efficiency of 
between 0.5 and 2%. We represented this by a parameter P8 that multiplied the PV cell 
area required to produce 1 kWh by a uniformly distributed value between 0.98 and 0.995. 

Figure 4-2. Product system for the generation of electricity using a solar cell with nanoink-printed front 
contacts, considering different alternative manufacturing pathways. T variables identify the triggers that 

select one or the other of the competing alternatives. 
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We then ran a (dependent) Monte Carlo simulation of n=1000 runs to calculate and 
compare the impact scores of the nanoink printed PV cell with a conventional screen-
printed PV cell. For this comparison we defined the functional unit as the generation of 
1 kWh of electricity. For the conventional cell, we used the inventory data for single-Si 

Table 4-2 Parameter definitions for possible manufacturing pathways of nanoink printed front contacts in 
photovoltaic cells. T variables identify the triggers (Figure 4-2) and π values the probability for the least likely 
unit process in the competing pair. 

TT  DDeessccrriippttiioonn  ππ  
EExxppeecctteedd  
cchhaannccee  ooff  
ssuucccceessss  

UUnncceerrttaaiinnttyy  
aabboouutt  

cchhaannccee  ooff  
ssuucccceessss  ππ::  

ttyyppee  

UUnncceerrttaaiinnttyy  
aabboouutt  

cchhaannccee  ooff  
ssuucccceessss  ππ::  
ppaarraammeetteerrss  

JJuussttiiffiiccaattiioonn  

T1 Synthesis route 
for Cu 
nanoparticles. 
Success = 
chemical route, 
failure = 
physical route.  

π1 0.7 Triangular Min: 0.5 
Mode: 0.7 
Max: 0.8 

Chemical methods 
provide more control over 
particle size and shape, 
which may ultimately be 
more important for the 
nanoink.  

T2 Synthesis route 
for Ag 
nanoparticles. 
Success = 
chemical route, 
failure = 
physical route. 

π2 0.7 Triangular Min: 0.5 
Mode: 0.7 
Max: 0.8 

Chemical methods 
provide more control over 
particle size and shape, 
which may ultimately be 
more important for the 
nanoink. 

T3 Sintering 
method for Cu 
nanoink. 
Success = 
chemical 
sintering, failure 
= laser sintering. 

π3 0.2 Triangular Min: 0.1 
Mode: 0.2 
Max: 0.3 

Based on initial trials, the 
chemical sintering method 
had not performed as well 
as the laser methods. In 
addition to this, it may be 
easier to upscale the laser 
process. 

T4 Sintering 
method for Ag 
nanoink. 
Success = 
thermal 
sintering, failure 
= laser sintering. 

π4 0.5 Uniform Min: 0 
Max: 1 

At the time of assessment, 
there was no particular 
indication of the 
performance of each 
method. 

T5 Metallic 
nanoink used 
for seed printing 
of front 
contacts. 
Success = Cu 
nanoink, failure 
= Ag nanoink. 

π5 0.8 Triangular Min: 0.5 
Mode: 0.5 
Max: 0.8 

Based on preliminary tests 
for technical feasibility, 
copper-based nanoink 
seemed “more promising”, 
while silver-based nanoink 
was not discarded. 
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photovoltaics from the LCA database ecoinvent v228, and incorporated uncertainty in the 
background input/output flows provided by ecoinvent. We focused on four impact 
categories: climate change, ozone depletion, human toxicity and freshwater aquatic 
ecotoxicity, all based on the ReCiPe impact assessment method35.  

We then used the modified null hypothesis significance test proposed by Heijungs et al. 
(2016) to determine whether the differences in impact scores between the types of systems 
were statistically significant. The choice of the modified version of the test responds to the 
fact that it is well suited for early stages in technology development, where we the size (or 
relevance) of the difference is important. In other words, differences that are not relevant 
enough should not provide a basis to deter continued research and development while the 
potential benefits of the technology are still uncertain. To implement the modified null 
hypothesis significance test we used the excel based tools developed by Mendoza-Beltrán 
et al.21. 

4.3. Results and discussion 

4.3.1. Comparative impact assessment of PV systems 
The distribution of the climate change impact scores for both types of PV systems 
(nanoink-printed and conventional screen-printed cells) are shown in Figure 4-3. The 
impact score distributions of both systems mostly overlap around 0.08 kg CO2eq, except 
for an additional peak around 0.15 kg CO2eq for the nanoink-printed cells. This is in line 
with our expectation to find multimodal output distribution curves, and further strengthens 
the case for the use of moment-independent global sensitivity measures (this is further 
discussed in Section 3.2). By looking at the impact contributions of the individual 
foreground processes, we were able to determine that the additional peak around 0.15 kg 
CO2eq corresponded to the chemical sintering pathway for the copper nanoink option 

Figure 4-3 Comparison of climate change impacts of a PV system with nanoink-printed cells (nano) and a 
conventional screen-printed cells (ref) 
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which had a low probability of success (hence the lower frequencies), but was the only 
pathway that could result in impacts in this higher range.  

Having a single probability distribution for the impact scores, we can draw general 
conclusions about the expected impacts of the nanoink-printed PV technology. For 
climate change, for example, the impacts will range between 0.05-0.2 kg CO2 eq, and the 
impact will remain below 0.167 kg CO2 eq for the 95th percentile. These and other 
statistics are summarized in Table 4-3..  

The boxplot in Figure 4-4 shows the mean and percentiles for the differences in impact 
scores, relative to the reference system and for the four impact categories investigated. A 
positive percentage value (above the dotted red line) means a higher impact score for the 
nanoink printed cells. The medians (central black lines) of all values are higher, suggesting 
a slightly worse performance for the nanoink-printed cells. However, the difference in 
performance does not appear to be strongly conclusive, given that an important part of 
the boxes (25th and 75th percentiles) in all cases remains below 0%. 

Table 4-3 Statistical descriptors for the impact score distributions of the nanoink-printed PV system and the 
conventional screen-printed system (Ref system). 

SSttaattiissttiiccaall  ppaarraammeetteerr  NNaannooiinnkk  pprriinntteedd  
ssyysstteemm  

RReeff  ssyysstteemm  

Climate change (kg CO2 eq) 
Arithmetic mean 0,088 0,077 
Geometric mean 0,083 0,076 
Median 0,077 0,075 
5th percentile 0,064 0,057 
95th percentile 0,167 0,103 

Ozone depletion (kg CFC-11 eq) 
Arithmetic mean 1,73E-08 1,54E-08 
Geometric mean 1,62E-08 1,50E-08 
Median 1,50E-08 1,49E-08 
5th percentile 1,17E-08 1,03E-08 
95th percentile 3,25E-08 2,25E-08 

Human toxicity (kg 1,4 DCB eq) 
Arithmetic mean 0,229 0,212 
Geometric mean 0,185 0,173 
Median 0,170 0,159 
5th percentile 0,085 0,081 
95th percentile 0,534 0,502 

Freshwater ecotoxicity (kg 1,4 DCB eq) 
Arithmetic mean 0,0026 0,0024 
Geometric mean 0,0024 0,0022 
Median 0,0023 0,0021 
5th percentile 0,0013 0,0013 
95th percentile 0,0049 0,0043 
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Figure 4-4 Distribution of difference in impact scores of nanoink-printed cell, relative to the impact score of the 
screen-printed cell (ref). CC: Climate Change; OD: Ozone Depletion; HT: Human Toxicity; FET: Freshwater 

Ecotoxicity. 

In order to discern whether these differences were statistically significant or not, we used 
the modified null hypothesis significance test 36 with an alpha-value of 0.05 and a d-value 
of 0.2. The test concluded that only the climate change and freshwater ecotoxicity impact 
scores of the reference screen-printed cell was lower. For the other impact categories, the 
differences were not statistically significant. 

4.3.2. Global Sensitivity Analysis (GSA) 
The Borgonovo delta sensitivity measures23 are listed for the stochastic triggers and other 
uncertain foreground parameters in Table 4-4.. The most important contribution to variance 
in the climate change impact score comes from trigger T3, which selects between the 
chemical and laser sintering for the copper nanoink pathway. This is followed in order of 
importance by trigger T5, which selects between the copper and silver nanoink front 
contacts for the cell. The third most important parameter was not a trigger, but the amount 
of gas mixture that could be used to treat each cell in the chemical sintering procedure. 
The three most sensitive parameters are therefore in the copper nanoink with chemical 
sintering route. These can all be traced to the potentially very large impact contribution 
that can result from formic acid consumption in the chemical sintering route for copper.   
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4.3.3. Factor fixing 
With the sensitivity ranking obtained from the GSA, we proceeded to factor fixing37 in 
order to investigate further how the environmental profile of the technology would change 
if the most sensitive parameters were fixed. In this case, we tested trigger T3, which by the 
final stages of this study was looking less likely to favour a chemical sintering route for 
copper nanoink due to various technical challenges. Therefore, we updated T3 to a 
constant value of 0 so that the laser sintering route was always chosen for copper-based 
nanoink. We then ran a similar Monte Carlo simulation for the updated system and 
produced the results shown in Figure 4-5.  

Figure 4-5 Comparison of climate change impacts of a PV system with nanoink-printed cells with both laser 
and chemical sintering alternatives for copper nanoink (nano) and with only laser sintering alternative for 

copper nanoink (nano(f)). 

Table 4-4 Delta sensitivity measure estimates for the climate change impacts of the PV system with nanoink 
printed front contacts. 

Uncertain input parameter δ est. Rank 
π1: Chance of success of T1 0.01 10 
π2: Chance of success of T2 0.00 6 
π3: Chance of success of T3 0.02 5 
π4: Chance of success of T4 0.02 4 
π5: Chance of success of T5 0.02 9 
T1: Chem. vs. phys. synthesis of Cu nanoparticles 0.00 12 
T2: Chem. vs. phys. synthesis of Ag nanoparticles 0.01 11 
T3: Chem. Vs. laser sintering: Cu ink 0.20 1 
T4: Thermal vs. laser sintering: Ag ink 0.01 13 
T5: Cu vs. Ag printed front contacts 0.10 2 
Qty. of gas mix required for Cu nanoink sintering 0.04 3 
Qty. of solution required for electroplating 0.01 7 
Cell conversion efficiency increase 0.01 8 
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With all other triggers left to vary freely, the impact profile of this updated technology 
improved considerably. The peak around 0.15 kg CO2eq disappeared, and the spread of 
the impact score distribution diminished noticeably. The geometric mean of the climate 
change impact score for the updated system decreased by 10% (75 g CO2 eq) and the 95th 
percentile by 46% (90 g CO2 eq). The geometric means for ozone depletion, human 
toxicity and freshwater ecotoxicity decreased by 15%, 3% and 8% respectively.  

We performed a similar significance test on the updated results in order to confirm if – 
under these new constraint –statistically significant differences could be observed. The 
results indicate that discarding the chemical sintering of copper nanoink as an optional 
pathway results in a statistically significantly lower climate change impact score for the 
nanoink-printed cells vs. the conventional screen-printed cells. For other impact 
categories, there are no statistically significant differences.  

4.3.4. Insights from the application of the method 
An important aspect addressed in our method is the fact that the chances of success π are 
uncertain and must be determined using subjective criteria to a certain degree. The 
implementation of Step 7 allowed us to factor this in and investigate the relevance of these 
uncertainties by including the uncertain parameters π in the global sensitivity analysis. The 
results of our case study suggested that these second-order uncertainties about the 
probabilities of success π of each trigger did not have important effects on the model’s 
output variance.  

There are theoretical reasons to believe that uncertainty about the probability π has no 
influence on the overall result in a Monte Carlo type of sampling. After all, when we sample 
from a binomial distribution with probability π and sample size n (say, 1000), the expected 
number of times we have chosen a certain technological pathway is n×π. When we modify 
the setup and use a binomial distribution with probability equal to π+ε, where ε is, for 
instance normally distributed with mean 0 and standard deviation σ, the expected number 
of times we have chosen this technological pathway is n×π+0=n*π, because the expected 
value of this normal distribution is 0.  

To further verify this, we fixed parameter π3 in order to give a certain chance of success 
for T3 of 20% and repeated the Monte Carlo simulation. The results are shown in Figure 
4-6, showing only a very small shift in the distribution curves as expected. Further
exploration of this perhaps unexpected finding is out of scope for this study, but we believe
worthy of investigation in future work. Nevertheless, addressing uncertain probabilities in
the method makes an important step in moving from probability theory to possibility
theory 38, without yet making the full turn.
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Figure 4-6. Comparison of climate change impacts of a PV system with nanoink-printed cells with uncertain 
chance of success for chemical sintering alternatives for Cu nanoink (nano) and with certain probability of 

success (nano(f_pi3)). 

4.4. Conclusions 
The application of the probabilistic method to the case study proved that calculation of 
such a model is feasible and the results fall within expectations as verified by the shapes 
of the distributions in Figure 4-6. Additionally, we demonstrated the important analytical 
possibilities offered by the method, and successfully addressed the conceptual and 
practical limitations of the scenario approach for the specific case of uncertain 
technological pathways. This probabilistic approach better represents the fundamental 
reality of the technological system under scrutiny when these pathways will only be 
resolved in a future stage. In early R&D stages, and with the existing state of knowledge 
of the system, these possible branches of the technology are better represented as a single 
system with a single range of potential impacts and specific probabilities attached to each 
value. This interpretation is fundamentally different from making numerous if/then 
conclusions about the system’s environmental performance in different scenarios. It can 
especially provide a more robust basis and –if desired- a more conservative basis for 
considering future environmental impacts in current decisions.  

The proposed framing also demonstrated to be better suited for a global sensitivity analysis 
that allowed us to identify the most sensitive parameters from a wider spectrum of 
uncertainty sources, including whether the future selection of one unit process instead of 
another is relevant for the variance in the system’s impact score. The combination of the 
probabilistic LCA model with GSA can now be used to answer two fundamental questions 
about the sustainability of an emerging technology in a more robust and realistic way. The 
first question being whether an emerging technology with unresolved pathways is likely to 
outperform the incumbent technology, and to what degree of confidence. The second 
question being to what extent the assessment depends on the chances of success of the 
technological pathways being pursued. 

____ 
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This chapter is based on the manuscript High-efficiency III-V/Si tandem solar cells pose low toxicity risks 
to soil and freshwater ecosystems (Blanco, C.F., Quik, J.T.K., Hof, M., Behrens, P., Cucurachi, S., 
Peijnenburg, W.J.G.M., Dimroth, F., Vijver, M.G.). In preparation for submission to Energy Environ. 
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Probabilistic and prospective ecological risk assessment of 
III-V/silicon tandem photovoltaics

III-V/silicon tandem solar cells offer one of the most promising avenues for high-efficiency, high-
stability photovoltaics. However, a key concern is the potential environmental release of group III-
V elements, especially arsenic. To inform long-term policies on the energy transition and energy
security, we develop and implement a framework that fully integrates future PV demand scenarios
with dynamic stock, emission and fate models in a probabilistic ecological risk assessment. We
examine three geographical scales: local (including a floating utility-scale PV and waste
treatment); regional (city-wide) and continental (Europe). Our probabilistic assessment considers
a wide range of variations for over one hundred uncertain technical, environmental and regulatory
parameters. We find that significant III-V/silicon PV penetration in energy grids at all scales
presents low-to-negligible risks to soil and freshwater organisms. Risks are further abated if
recycling is considered at the panels’ end-of-life.

Keywords: III-V/silicon cells; risk assessment; toxicity; photovoltaics; safe-by-design; 
sustainable innovation 
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5.1. Introduction 
Recent decades have seen a dramatic increase in photovoltaic electricity (PV) in energy 
markets worldwide.1 Next to lower manufacturing costs, a key driver for increased PV 
adoption has been the environmental benefits when compared to fossil and nuclear-based 
electricity generation.2,3 An important factor for the success of the currently dominating 
crystalline silicon (c-Si) PV technologies is that silicon has low toxicity4. This has set a 
benchmark against which emerging PV technologies such as III-V/silicon tandem cells 
(III-V/Si) would be judged. III-V/Si tandem cells stack thin light-absorbing layers of Group 
III and V elements (gallium, indium, arsenide, phosphide) on top of a c-Si wafer to achieve 
record-breaking conversion efficiencies for non-concentrating systems that can exceed 
35%.5 Manufacturing III-V/Si with current technology is very expensive and important 
research efforts are underway to make them more economically attractive.6–9 However, 
concerns regarding potentially toxic releases of III-V metals and metalloids to the 
environment could hinder investment and stall further development and deployment of 
the technology. As a result, III-V/Si may miss out on important cost-reductions that could 
be achieved via technological breakthroughs and/or learning by doing.  

Investigating the potential environmental impacts and risks of innovative PV designs such 
as III-V/Si during early research and development stages can assist in making designs 
more competitive from an environmental perspective.10–12 The environmental impacts of 
emerging PV technologies have often been assessed in a prospective way using life cycle 
assessment (LCA) with future projections.13 Blanco et al.14 recently investigated the LCA 
impacts of commercially viable III-V/Si cell concepts and concluded that they could 
perform similar or better than silicon PV across most environmental impact categories, 
including climate change, fresh water ecotoxicity, eutrophication, and others. The LCA 
approach, however, only allows a comparison of impact indicators in a relative sense, 
where environmental emissions are aggregated across space and time.15 To determine 
whether the emissions pose actual risks, they must be evaluated in a specified temporal 
and spatial context. Such an evaluation can be performed by means of ecological risk 
assessment.16 However ecological risk assessments for emerging technologies are 
challenging from a modelling and data availability perspective and have not been 
conducted so far for III-V/Si PV systems. In this study we address this important 
knowledge gap by assessing the ecological risks of metal and metalloid releases that may 
take place during the life cycle of III-V/Si PV systems. 

Recent studies of toxicity of emerging PV technologies have a large degree of 
heterogeneity and focus selectively on single or small subsets of PV system components, 
life-cycle stages, release mechanisms and/or toxicity endpoints.17–20 To avoid these 
shortcomings, we adopt a comprehensive approach by screening for relevant emissions 
in all life-cycle stages of III-V/Si panels and estimating the risks posed by these emissions 
in plausible and well-defined PV demand scenarios at three geographical scales: local, 
regional and continental. Furthermore, we recognize that a holistic and forward-looking 
assessment such as this introduces numerous and large uncertainties and variabilities.21 
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We therefore use a probabilistic risk assessment approach to explicitly consider these in 
an integrated PV demand-emission-fate model and quantify uncertainty in the outcomes 
of the assessment, i.e., risk indicators.22 We then use global sensitivity analysis to reveal 
which factors contribute most to this uncertainty. While the III-V/Si technology is still in 
development, this information is equally or more important than the magnitude of the risk 
indicators, as it can help prioritize further research and development of the technology as 
well as simplify the assessment by disregarding trivial uncertainties and variabilities. 

5.2. Methods 

5.2.1. Overview of modelling framework 
To assess the ecological risks from III-V/Si panels in future PV demand scenarios we 
developed an integrated model that consists of five steps. First, demand for installed PV 
capacity (in MW or GW) over a one-hundred-year modelling period (2031-2130) is 
determined for each geographical scale (continental, regional, local) based on relevant PV 
demand scenarios and stated policies (section 5.2.2). Second, a dynamic stock model is 
used to determine the amount of PV panels that would be manufactured, installed, 
operated, recycled and discarded each year in order to satisfy the demand required in the 
previous steps, while accounting for accidental panel breakage and panels reaching the 
end of their useful life (section 5.2.3). Third, potential releases of arsenic, gallium and 
indium (direct emissions) from PV panels to the environment at each life-cycle stage are 
calculated with a specific emission model developed for each release mechanism (section 
5.2.4). Fourth, the environmental distribution and fate of the emitted masses across 
different environmental compartments (soil, freshwater, air) in each year is determined 
using a dynamic fate model. Predicted environmental concentrations (PEC) in each 
compartment are then calculated from the resulting mass in each compartment and the 
compartment’s volume (section. 5.2.5). Finally, a risk quotient (RQ) is calculated as the 
ratio of PEC to the predicted no-effect concentration (PNEC) that has been reported in 
literature for each compartment (section 5.2.6).  

All components of the model allow for the consideration of probability distributions for 
input parameters. The model’s input parameter descriptions and the corresponding 
distributions used in this case study are reported in Appendix Table A.4-1. Further details 
on calculations and assumptions for each step are also documented in Appendix Section 
A.4. The model was built on the statistical software R supported by macro-enabled
Microsoft Excel spreadsheets. The annotated R scripts and Excel spreadsheets are
available for download in https://github.com/jormercury/solar-simplebox.

5.2.2. Demand projections 
In the first step we determined the quantity of installed III-V/Si panels required to meet 
PV electricity demand scenarios for three geographical scales:  
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§ SKY_EUR, a continental scale where we based future PV demand on the Shell Sky
Scenario23 for Europe, which is the most ambitious with regards to electrification
and future participation of PV from the Shell family of scenarios. We combined the
Sky projections for total PV demand with the IEA’s “High GaAs” scenario, in which
III-V cells comprise 5% of the distributed and 15% of the utility-scale PV demand.24

• RES_AMS, a regional scale representing the city of Amsterdam and based on the
municipality’s stated ambitions in their Regional Energy Strategy (RES v1.0)25. Here
we also applied III-V/Si market shares from the IEA “High GaAs” scenario.

§ UTI_LOC, a local scale reflecting a utility PV plant consisting of 50 MW of floating
III-V/Si panels installed on a lake area of 0.9 km2 in addition to 50,000 distributed
panels (14 MW) installed on rooftops in the surrounding area and draining towards
the lake. End-of-life (EOL) PV treatment is also assumed to take place within this
area. As such the local scale is meant to represent an unlikely worst-case scenario
for the local water compartment.*

The growth in installed PV capacity over the period 2031-2130 in both the SKY_EUR and 
the RES_AMS scenarios were modelled using logistic-growth curves. In SKY_EUR, we 
assumed an initial capacity addition of 100 MWp and stabilizing at 430 GWp. We took an 
annual growth rate of 14.1% from the 75th percentile of 1100 different PV deployment 
scenarios in Europe that were reviewed and harmonized by Jaxa-Rozen et. al.26 In the 
RES_AMS scenario we assumed an initial capacity addition of 0.1 MWp in the year 2031 
and stabilizing at 110 MWp following a higher growth rate of 20%. For the UTI_LOC 
scenario the amounts of PV panels installed were kept constant throughout the modelling 
period, with replacement of broken panels and those that reach their EOL.  

With an expected 28% panel conversion efficiency, III-V/Si panels will have a rating of 
280 Wp per m2 of panel. Thus, every 1 MWp of planned installed capacity would require a 
PV installation with an effective area of 3,571 m2.  

5.2.3. Dynamic stock flows 
Yearly stock flows of III-V/Si panels (quantified as m2 of PV panel) were calculated using 
a dynamic stock model27–29 for a one-hundred year modelling period. In the stock model, 
additional panels are manufactured each year to meet the increasing demand, to replace 
broken panels, and to replace panels that reached the end of their useful life (due to long-
term degradation). In lieu of specific panel lifetime data, we assumed a normal distribution 
for III-V/Si panel lifetime of each yearly cohort centred at 30 years and with a standard 
deviation of 5. Accidental panel breakage rates of 0.06-0.12%/year were taken based on 
panel crack statistics reported by the International Energy Agency.30 

* In their Regional Energy Strategy, the Amsterdam municipality has marked floating PV as a last resort, only to
take place if the regional and national goals cannot be satisfied with installation on rooftops and other public
infrastructure.
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5.2.4. Emissions of III-V metals and metalloids 
Based on III-V/Si cell design specifications proposed by a European project31, each m2 of 
panel would contain 8.81 g of arsenic (As), 15.06 g of gallium (Ga) and 0.1 g of indium 
(In).31 The As, Ga and In content in each panel is subject to environmental release 
depending on the specific conditions and dissolution processes that can take place during 
manufacturing, operation (use phase), end-of-life (EOL) phase (Figure 5-1).  

Manufacturing. III-V substances enter the supply chain of III-V/Si cells in the metalorganic 
vapour phase epitaxy process (MOVPE) which is used to grow the absorber III-V layers 
on top of the silicon wafer. These substances are supplied from hydride gases and 
metalorganic precursors (arsine, trimethylgallium and trimethylindium). The fraction not 
deposited on the solar cells is distributed in two waste streams: a gas stream that is 
captured by a scrubber, and a solid stream composed of materials that deposit on the 
different elements of the reactor and on filters which are cleaned periodically. In the 
scrubber, a dry zeolite/copper-based granulate adsorbs the toxic substances.  

The current best practice in the industry is to reintroduce the used scrubber granulate into 
the smelting process for copper, in which case the III-V content is captured as an 
acceptable impurity in the metal. It is likely that the valuable metals (indium, gallium) will 
be eventually separated and recovered. For arsenic there is no economic case at present, 
however there is technical feasibility for arsenic recovery from the used adsorbent 
granulates. Such recoveries may become economically viable when the arsenic content in 
waste is sufficient (e.g., ~100 ton/year)†. Recovery may also be driven by resource scarcity 
of critical materials like indium and gallium.32 Recovery processes will have an associated 
efficiency, typically between 95-99%, and the remaining fraction (rejects) would be 
disposed in an underground hazardous waste storage facility.  

The solid waste stream from MOVPE that deposits in the reactor is periodically removed 
as a standard cleaning procedure. This waste is also discarded in an underground 
hazardous waste storage facility. These types of facilities in Europe are typically installed 
on sealed and carefully monitored abandoned mine shafts, where potential migration of 
contaminants is deemed implausible.  

Use phase (operation). Two processes were modelled to estimate potential releases during 
operation: dissolution at the cracked surface of III-V materials directly exposed to rain, 
and transport of III-V materials on non-exposed parts that get dissolved by water ingress 
and are transported to the crack where it is then released. We modelled the former process 
following the method proposed by Celik et al.33, which is based on an application of the 
Noyes-Whitney equation34. The latter process was modelled using equations 5-1 and 5-2, 
where transcrack is the transport of dissolved metal to the crack (g/s), Jcrack is the flux of 
dissolved metal to the crack (g/m2/s), D is the diffusion coefficient of metal (m2/s), Cs is 
the saturated mass concentration of metal in water in g/m3, Cb is the concentration of

† Personal communication from UMICORE. 
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metal in bulk solvent (rainwater) in g/m3, and distancecr is the average travel distance of 
the metal from any point in the panel to the crack (m), calculated using the method of 
Mathai et al.35 Cracked panels were assumed to leach for one year after which they would 
be replaced.  

!"#$%!"#!$ = '!"#!$ ∙ )!"_&'()      (Eq. 5-1) 

'!"#!$ = * ∙ *&+*,
('&-#.!)!"

(Eq. 5-2) 

End-of-life phase: Recycling. The European Waste Management Directive for electronic 
products -including photovoltaic panels- requires that 85% is collected for treatment and 
preparation for reuse/recycling.36 It is likely, however, that the panels are disassembled to 
recover the easily recyclable materials such as aluminium and glass.‡ We modelled two 
scenarios for each scale: with and without recovery of III-V materials. In former case we 
assumed recovery efficiencies for these processes based on existing patents and published 
recycling methods for similar technologies37–39. 

End-of-life phase: Incineration. In incineration facilities, it has been found that 20-80% of 
arsenic in waste may remain in the bottom ash while the rest is volatized.40 The volatized 
fraction is directed to emission control mechanisms at the stack such as electrostatic 
precipitators (ESP) with removal efficiencies that typically range between 99.5-99.9%.41 
Arsenic that is not vaporised in the incinerated panels is emitted to air and the remaining 
fraction is collected as secondary waste with bottom ash, fly ash and filters. Gallium and 
indium do not form volatile organic compounds, so we assumed 100% remains in the 
bottom ash. In Europe, secondary waste from incineration facilities is typically either sent 
to a controlled landfill or reused in construction material.42  

End-of-life phase: landfill. Two main processes drive emissions from landfilled PV waste: 
leaching from the waste to the leachate within the landfill, and leakage of the leachate from 
the landfill to the surrounding soil. The former will be largely regulated by a waste/leachate 
partitioning coefficient (kW) which can be determined empirically from leaching tests or 
field measurements. Leaching and subsequent leakage from the landfill will also be largely 
regulated by the effective infiltration (I), the amount of rainfall that infiltrates and passes 
through the landfill’s containment structures such as clay or geosynthetic liners. We use a 
simplified version of EPA’s Composite Model for Leachate Migration with Transformation 
Products (EPACMTP)43, where the mass balance for a landfill cell is given by equations 
5-3 and 5-4.

)/ ∙ *01 ∙ +/ ∙ (*#(- = )/ ∙ , ∙ -0(!)    (Eq. 5-3) 

-0(!) = 	1/ ∙ -/(!) (Eq. 5-4) 

When modelling emissions we took a conservative approach and assumed that all III-V 
elements in the PV cells are fully soluble. This is a common starting point for metals risk 

‡ Ibid. 
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assessment within the EU.44 Another important consideration is that, once released, metals 
and metalloids can exist in different forms like organic complexes with dissolved organic 
matter, inorganic complexes with dissolved anions, or free hydrated metal ions. This 
applies especially to arsenic, which can exist in four oxidation states with different 
toxicities: –3, 0, +3, and +5. In this study, we assume that arsenic dissolves entirely to its 
most toxic form (arsenite, +3). Indium and gallium may also exist in different oxidation 
states, but once released to the environment tend to revert to their +3 oxidation state.45

5.2.5. Predicted environmental concentrations 
We then modelled the distribution of the emitted III-V substances in the environment using 
SimpleBox v4, a widely used tool for fate modelling developed by the Netherlands Institute 
of Public Health and the Environment (RIVM).46 For the SKY_EUR continental scale we 
used the landscape settings for the European continent that were established for the 
European Union System for the Evaluation of Substances (EUSES).47 In the SimpleBox 
model, the continental scale contained the regional AMS_RES scale embedded, which in 
turn contained the embedded local UTI_LOC scale (SimpleBox calculates exchanges 
between embedded scales). To model the regional AMS_RES and UTI_LOC landscape 
we derived surface water and soil coverage data from GIS data made available by the 
Amsterdam municipality48, and weather data provided by the Royal Netherlands 
Meteorological Institute (KNMI)49.  

To conduct dynamic PEC calculations we coupled a probabilistic implementation of the 
SimpleBox model using the @Risk add-in (Palisade, v8.1.0) with the deSolve72 package in 
R. SimpleBox is based on the original implementation as described in Schoorl et al.46,50

with the addition of a local scale with an air, soil, water and sediment compartment based
on van de Meent et al.51  In this implementation, the model matrix of all rate constants is
read from the SimpleBox Excel spreadsheets and combined with the annual III-V
emissions (calculated in section 5.2.4), using the event function in deSolve.

5.2.6. Predicted no-effect concentrations and risk quotients 
We took the PNEC values recommended by the European Chemicals Agency (ECHA) in 
the registration dossiers for each substance.52–54 Depending on each case, these were 
derived by ECHA from EC10 or EC50 (concentration at which 10% or 50% of the target 
organism presents the observed effect), LC50 (lethal concentration for 50% of the 
observed organisms) and LOEC (lowest observed effect concentration) values reported in 
literature. An assessment factor is applied to account for uncertainty in extrapolation from 
lab to field results, or for the limited availability of datapoints.55  

Arsenic. The PNEC value recommended by ECHA for freshwater organisms is 5.6 µg/L, 
after application of an assessment factor of 3. For soil, the recommended PNEC is 2.9 
mg/kg soil (dry weight) after an assessment factor of 2 has been applied.  

Gallium. One NOEC for freshwater organisms was reported in the ECHA database of 
10,300 µg/L.52 Following ECHA guidelines55, an assessment factor of 100 should be 
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applied for a single NOEC value, resulting in a PNEC of 103 µg/L. There was only one 
datum for soil organisms reported in literature, an EC50 of 0.271 g/kg soil (dw) for rice 
plants in acidic soil (no effects were observed in neutral soils).56 Applying an assessment 
factor of 100 gives a PNEC of 2.7E-3 g/kg soil (dw). For soil, ECHA recommends using 
the Equilibrium Partitioning Method as an alternative calculation method when only one 
datum is available and choosing the lowest PNEC obtained from both methods. The 
Equilibrium Partitioning Method uses the PNEC in water to estimate PNEC in soil 
according to Equation 5-5: 

234-&2'3 = 4$#
5$%&'

∙ 234-6#-)" ∙ 1000 (Eq. 5-5) 

In Equation 5-5, Ksw is the soil water partition coefficient for gallium and +soil is the density 
of soil phase, 2500 kg/m3. This would result in a PNEC of 4E-2 g/kg soil (dw). We therefore 
take the lower PNEC of 2.7E-3 g/kg soil (dw).  

Indium. The toxicity data for indium (In3+) were taken from the ECHA database, which 
recommends a PNEC of 40.6 µg/L after applying an assessment factor of 3. For terrestrial 
organisms, the recommended value is 7.3E-3 g/kg soil (dw), after applying an assessment 
factor of 10.53. 

RQs for each compartment were calculated as the PEC/PNEC ratio, where RQ values 
approaching or exceeding 1 indicate a potential situation of concern.  

5.2.7. Uncertainty and sensitivity analysis 
We used the Monte Carlo uncertainty propagation method57 to determine uncertainty in 
the PECs and RQs as a result of uncertainties and variabilities in the model’s input 
parameters. For the Monte Carlo simulation we pre-sampled 1,000 sets of random values 
for these parameters from their underlying distributions, and recalculated PECs and RQs 
for each set of values throughout the period 2031-2130. This produced a probability 
distribution for each PEC and RQ in each year, from which summary statistics (geometric 
mean, 25th and 75th percentiles) were derived. 

Finally, we conducted a global sensitivity analysis using the moment-independent 
sensitivity importance measure proposed by Borgonovo58,59 to rank all uncertain 
parameters in terms of their contribution to uncertainty in the resulting RQs in freshwater 
and natural soil compartments for all scales. We calculated these sensitivity measures 
using the sensiFdiv function in the sensitivity package for R developed by Iooss et al.60  

5.3. Results and discussion 

5.3.1. III-V/Si panel stock flows 
The calculated stocks of III-V/Si panels installed and reaching their end-of-life in each 
year of the modelling period are shown in Figure 5-2. In Europe, carrying capacity is 
reached after the year 2110, while for Amsterdam it is reached at around the year 2080. 
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The steep ramp-up followed by stabilization in the demand growth curves (left) produces 
a ripple in the amount of PV materials that are available for recycling or final disposal at 
end-of-life (right). These oscillations are somewhat smoothened by uncertainty in the 
lifetime each cohort which varies around 30 years. As will be seen in sections 5.3.2 and 
5.3.3, these oscillations in EOL stocks are then reflected in the emissions and PEC’s.  

5.3.2. III-V metals and metalloid emissions 
The yearly emissions from the PV stocks during operation (USE) and disposal (EOL) in 
each scale are shown in Figure 5-3. These emissions were calculated for the single “base 
case” value for each parameter listed in Appendix Table A.4-1 (see Appendix Figure A.4-1 
for the probabilistic results of the emissions model). Emissions from the use phase are 
several orders of magnitude lower than the emissions from the EOL phase, even when 
recycling is considered. At the largest scale (European continent, SKY_EUR), the quantity 
of arsenic emitted during the use phase starts stabilizing towards the end of the modelling 
period around 30 kg/year. In the regional (Amsterdam, RES_AMS) and local (UTI_LOC) 
scales, where they may be more concentrated, total emissions amount to grams which are 
then distributed over the respective areas of 220 km2 and 16 km2. This indicates that in all 
scenarios, the only relevant emissions are expected to occur at EOL. 

In the end-of-life phase, total life-cycle emissions approach 1 ton/year in the SKY_EUR 
scenario at continental scale for the soil and air compartments. The quantities emitted to 
the air compartment are larger than quantities to soil at the beginning of the modelling 
period. This can be explained by the immediacy of the emissions during incineration: 
emissions which are not captured by the electrostatic precipitator during/after 
incineration, will be immediately released into the air compartment. On the other hand, 

Figure 5-2 Projected III-V/Si PV demand (left) and discarded materials (right) for the three scales. 
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emissions in a landfill are subject to a retardation factor represented by the large 
waste/leachate partitioning coefficients (Kw) of Equations 5-3 and 5-4. Towards the end of 
the modelling period, the emissions from landfill to the soil compartment are of similar 
magnitude than those to air in all scales. No air emissions are foreseen for gallium and 
indium due to their negligible volatilities. 

5.3.3. Environmental fate of III-V metals and metalloids 
The resulting PECs in soil and freshwater compartments are shown in Figure 5-4. At the 
end of the 100-year modelling period, the 75th percentile PEC of arsenic in freshwater in 
the local scale remains 1 to 2 orders of magnitude below the drinking water limits 
established by the World Health Organisation (without considering background levels or 
emissions). In the regional and continental scales, the PEC is 3-4 orders of magnitude 
lower. In soil, the 75th percentile PEC of arsenic is 5 orders of magnitude lower than the 
average concentration found in natural soils (1-40 mg/kg).61 The geometric means are 
closer to the lower boundaries, suggesting skewed distributions with a long tail extending 
to the higher PEC values. The expected environmental concentrations of gallium and 
indium are in the nanogram range and lower, indicating negligible effects of this emissions 
from an ecological risk perspective. 

Figure 5-3 Life cycle emissions of III-V materials from III-V/Si PV installations in three different scenarios. 
EOL: End-of-Life phase; USE: Use phase. 
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5.3.4. Ecological risks to freshwater and soil organisms 
Figure 5-5 summarizes the RQs in the 100th year of simulation. As the scale volumes reduce 
in size (from continental to regional to local), the PECs and RQs increase. The local 
freshwater compartment presents the highest RQ for arsenic at ca. 0.1 for the upper range. 

This could become a potential hotspot which may require consideration against 
background arsenic concentrations in the event a similar deployment is planned. The risk 
quotients for all other scales, compartments and metals are below 0.01. In all cases, 
recycling of the III-V content of the cells would reduce risks by one order of magnitude.  

For the worst-case local scenario conditions for arsenic in which RQ approaches 0.1, some 
of the underlying assumptions merit further inspection with the aim of identifying potential 
risk attenuating mechanisms. A key starting assumption was that all emitted arsenic 
dissolves to its most toxic ion, arsenite (As(III)), which is assumed to persist as such. 

Figure 5-4 Predicted environmental concentrations of arsenic in soil and freshwater compartments in all 
scales, with and without recycling. The shaded area encloses the 25th and 75th percentiles and the solid line 

shows the geometric mean. 
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However, arsenic undergoes several transformation processes which result in arsenate 
ions (As(V)) or even less toxic methylated organic forms.62,63 The PNEC for As(III) is 
approximately 5 times lower than for As(V) in plant species.61 A study of landfill leachate 
in Nordic countries found that arsenic in leachate is typically 80% arsenate, 10% arsenite 
and the rest is methylated.64 Even lower percentages of As(III) (<5%) and higher amounts 
of methylated forms were reported by Pinel-Raffaitin and colleagues in landfill leachates 
sampled in France.63  

In situ mechanisms to address As(III) mobilization in leakage from cracked panels during 
operation may be implemented as an additional precaution, especially in floating PV 
plants. Shumlas et al.65, for example, reported accelerated oxidation of As(III) to As(V) 
when exposed to sunlight on layered manganese oxide. While such applications were 
developed for wastewater treatment in the case of arsenic, in situ mitigation concepts have 
already been proposed for perovskite PV cells where accidental lead leakage is 
immediately sequestered by lead-absorbing coatings.66 

5.3.5. Sensitivity ranking of variable and uncertain parameters 
The sensitivity rankings for all uncertain and variable model inputs in the integrated model 
and for all scales and compartments are shown in Figure 5-6. The most sensitive 
parameters are the waste/leachate partitioning coefficient in the landfill, the landfill cell 
depth, the fraction of vapourised arsenic captured in the incinerator’s ESP, and the fraction 
of PV collected for recycling. For the landfill partitioning coefficient, the range of possible 
values spans several orders of magnitude.67 It is likely that a large part of this dispersion is 
irreducible due to widely different landfill chemistries and environmental conditions that 
can be encountered. Further studying of the specific behaviour of arsenic in waste when 
exposed to leachate can however reduce the uncertainty. This has already been strongly 
advocated by Söderberg et al.68 who reviewed 245 articles on soil/solution partitioning of 
metals in different media and found that none posterior to the EPA report67 of 2005 
investigated this parameter in waste disposal systems.  

Figure 5-5 Risk Quotients for arsenic, gallium and indium in soil and freshwater compartments in all 
scales, with and without recycling. 
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Figure 5-6 Sensitivity ranking of model parameters. L: local scale, R: regional scale, C: continental scale.
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It is also noteworthy that despite the complexity and spatial dependency of the fate model, 
most of the parameters in this model component ranked low in terms of their contribution 
to uncertainty in the risk quotient. The sensitivity hotspots are clearly found in the EOL 
phase emissions model.  

5.3.6. Recommendations for safe and sustainable III-V/Si PV installations 
The most influential parameters identified in the global sensitivity analysis can offer 
opportunities to improve the design, not only of the photovoltaic cell, but of the 
configuration of large-scale deployments and the ancillary/complementary technological 
systems.  

Waste/leachate partitioning coefficient. Despite its large variability, this highly influential 
factor can be addressed to some extent by controlling landfill chemistry, especially the pH 
of the leachate. It is likely that a construction and demolition (CDW) waste landfill with 
low organic waste content will produce leachate in higher pH ranges than a municipal 
solid waste (MSW) landfill where organic matter is being degraded and more acidic 
conditions emerge. Reaction of the ethyl vinyl acetate (EVA) encapsulation in PV panels 
with infiltrated water in the landfill may also produce acidic conditions, even in CDW 
landfills, by formation of acetic acid on the surface of discarded PV waste. Thus, 
delamination prior to disposal and/or replacement of the EVA encapsulation for 
alternative materials69 in the panel’s design may further reduce risks. This measure could 
also reduce leakage during operation of cracked panels, however the contribution of this 
release mechanism to the overall risk is already negligible.   

Landfill depth. Stacking discarded PV waste in landfills more vertically rather than 
horizontally can have a significant retardation factor. Figure 5-7 shows the shift in the 
distribution curve of arsenic emissions to soil after the landfill depth is fixed at its higher 
range (10 m). The distribution is shifted significantly to the left and its tail size reduced. 

Figure 5-7 Change in distribution of arsenic emissions to soil (s1_lfd_u) as a result of fixing parameter 
landfill depth at lf.d = 10 m (s1_lfd_c).
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Incinerator abatement efficiency (electrostatic precipitator). The fraction of vapourised arsenic 
that gets captured in the incinerator’s electrostatic precipitator (thus prevented from direct 
release to the air compartment), also has an important influence. Even though the 
abatement efficiency range (98-99.9%) left small room for improvement, the results 
suggest that efforts to implement best available practice and marginal further 
improvements in abatement efficiency can result in noticeable risk reductions.   

PV collection for recycling rate. By reintroducing III-V materials in PV waste into new 
economic products, they are effectively prevented from being released into the 
environment. The analysis not only showed an order of magnitude difference between the 
recycling and no-recycling scenario, but within the recycling scenario any efforts to 
increase collection above 85% will also result in important risk reductions.  

The global sensitivity analysis also reveals where mitigation mechanisms may not be as 
effective in relation to the effort/cost required to implement them. For example, reducing 
arsenic content of the cells in the design and manufacturing within what is feasible will not 
have a noticeable effect on the risk profile of the III-V/Si technology. The same applies to 
measures to further reduce the cracking of panels – the use phase emissions are already 
too low to offer significant risk reduction.   

5.3.7. Critical reflection on limitations and directions for future research 
The integrated model we developed is complex in that it incorporates numerous 
interconnected cause-effect mechanisms to ensure all relevant factors are given 
consideration. Producing the data for such a model can be very time consuming, if the 
data is available at all. Therefore, some important assumptions and rough estimates were 
necessarily made. First, while the underlying landfill model is a good approximation for a 
monofill, the waste/leachate partitioning values (Kw) from EPA we used were taken from 
municipal solid waste (MSW) landfills, which will have phases where leachate has lower 
pH. This may significantly accelerate the release of arsenic from PV waste to the leachate. 
Second, we opted not to include a detailed speciation model for the dissolution of III-V 
species during use phase when exposed to acid rain or acetic acid attack. These models 
can increase the complexity of the assessment significantly, and they depend on a very 
large variability of water and waste chemistries which are difficult to determine at this 
stage. Given that the use phase emissions were considerably lower than the EOL emissions 
we decided to make conservative assumptions in this respect, although this may be an 
important aspect to incorporate if more detailed risk assessments are needed. Third, the 
dynamic emissions we calculated are largely dependent on the demand scenarios, more 
specifically the growth rates assumed for PV deployment (and the assumption of logistic 
growth curves). The market dynamics for PV are difficult to predict, with many forecasts 
having proved overly pessimistic in recent years.70 Further coupling and updating of 
expected PV growth rates (specifically for III-V/Si markets) may shift the time-dependent 
results in a way that has important implications. 
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5.4. Conclusions 
Our assessment indicates that the ecological risks from III-V materials emissions 
throughout the lifetime of III-V/Si PV panels do not pose a cause for concern, even under 
the worst-case situation modelled in the local scale. The main source of potentially toxic 
releases would be the above-ground disposal of III-V/Si cells in landfills. We find that the 
relevant increases in concentrations occur mostly in soil, while the contribution to the 
freshwater compartment was negligible across all scales. In soil, the mobility of III-V 
materials is very low, and releases will be diluted on the order of hundreds or thousands 
of years. Tighter regulations for landfill containment and monitoring systems will dilute 
these processes further. In the case of gallium and indium, these elements have much 
lower reactivity, so the emissions that do occur will have negligible effects. Nevertheless, 
at smaller scales with the co-occurrence of intense PV utilization and disposal, the risks 
may increase so that careful monitoring of the efficacy of control measures is required, 
particularly around landfill and incineration abatement, collection of used PV panels and 
increased recycling of arsenic. These factors will become increasingly important 
considering potential future expansion of markets for other arsenic containing electronic 
waste, such as that from discarded integrated circuits and LED diodes.  

It is important to also consider that current social and regulatory trends in the European 
context have a clear direction towards reducing waste and increasing circularity of the 
economy. As an example, Germany sends less than 1% of its construction and demolition 
waste to landfills as of 2021.71 European regulations have set demanding thresholds for 
electronic waste recycling, and numerous patents have demonstrated technologies for 
recovering materials from LEDs, integrated circuits, and photovoltaic devices with III-V 
materials grown via MOVPE. These recycling techniques can only be expected to become 
more efficient and cost-effective in time. Furthermore, the growing concerns over resource 
availability and supply risks of III-V materials like indium and gallium will provide further 
incentives. Considering these factors, a low-emission and low-risk scenario for the life 
cycle of future III-V/Si is likely. 

As a final note, we highlight the value of the integrated model developed in this work for 
the early-stage assessment of chemical risks from emerging technologies. The model can 
be readily extended to other technologies beyond PV. In the past, such complex integrated 
models have seldom been applied at early R&D stages because of the time consuming 
and significant effort to construct and set up the models and the numerous uncertainties 
faced. But the framework and calculation algorithms we have made available make the 
rapid screening of different scenarios possible, while preserving the complexity and wide 
variety of influential factors found in real life. Furthermore, it is an ideal tool to prioritize 
research and data collection on influential factors during subsequent R&D stages.  
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Chapter 6 
A framework for guiding Safe and Sustainable-by-Design 

innovations  

Abstract 
Assessing the safety and sustainability of technologies while they are still in early research & 
development stages is the most effective way to avoid undesired outcomes. However, the journey 
from idea to market is highly uncertain and involves intensive trial-and-error as developers attempt 
to optimise material choices and configurations. As designs evolve quickly, assessing their 
environmental impacts while numerous factors remain undetermined is not straightforward. Thus, 
assessors often revert to evaluating a limited subset of possible scenarios which are then used to 
guide design choices. However, selecting scenarios for hundreds of undetermined factors without 
a systematic sensitivity screening may preclude important improvement opportunities. To provide 
the best guidance, the evaluated scenarios should be defined by the factors that are most influential 
on the future environmental impacts of the technology. In this chapter we propose a broad 
approach that accomplishes this by incorporating a wide spectrum of undetermined factors –both 
intrinsic and extrinsic to the technology design– in integrated assessment models. These models 
are then screened for highly sensitive factors using global sensitivity analysis. Strategies to further 
reduce uncertainty on the most influential factors are proposed for a second iteration, and the 
residual factors for which uncertainty cannot be further reduced and remain influential are selected 
as a basis for development of “sensitive” scenarios. We demonstrate the framework by applying it 
to the life cycle assessment and ecological risk assessment of an emerging photovoltaic technology. 

Keywords: life cycle assessment, ecological risk assessment, emerging PV, safe-by-design, 
sustainable-by-design  
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6.1. Introduction 
Safety and sustainability criteria are taking an increasingly central role in guiding policy 
decisions for supporting and regulating new technology development.1 To better support 
decision-making during the early research and development (R&D) stages, safety and 
sustainability practitioners have scrambled to propose diverse prospective methods and 
criteria such as ex-ante LCA2 and prospective risk assessment.3 However, there is an 
important challenge in producing such environmental indicators, i.e. accounting for the 
uncertain evolution of technical, environmental and socioeconomic factors – both intrinsic 
and extrinsic to the technologies – that influence the future environmental implications of 
the technologies once they are deployed at commercial scale2–6. 

Traditional ex-post assessments of well-established technologies are already prone to 
inaccuracy and/or imprecision due to uncertainty and variability.7,8 A risk/impact estimate 
may deviate from its actual value in response to spatial and temporal variability of the 
underlying processes, as well as imprecise or unavailable data regarding the technology’s 
design and operational parameters.9–11 Errors may also be introduced in the broader 
environmental impact/risk assessment models, which are composed of mathematical 
relationships that can only offer limited approximations.12 At the very least, the impacts of 
existing technologies can –to some extent– be measured and validated empirically. Bereft 
of this possibility, even more uncertainty surrounds ex-ante/prospective assessments.13 

To further illustrate this challenge, we take the case of an emerging photovoltaic 
technology, III-V/Si tandem cells (III-V/Si).14,15 These cells have achieved record 
conversion efficiencies by adding layers of elements from groups III and V of the periodic 
table (e.g. gallium, indium, arsenic) on top of a silicon substrate to increase light absorption. 
However, especially the use of arsenic may raise concerns about the safety and 
sustainability of III-V/Si. Whether the trade-off between potential toxicity and improved 
solar cell performance is desirable depends on many factors. For example, at end-of-life 
(EOL) the panels could be recycled, and the arsenic recovered, or they could be 
incinerated or disposed of in a landfill or underground waste deposit. The extent to which 
arsenic is recovered from PV panels at EOL will depend on economic factors along with 
regulatory concerns surrounding e-waste or supply risks.16,17 Finally, there will be the ease 
and feasibility of current and future methods for physically separating the arsenic from the 
other panel constituents will be determinant. Since arsenic can take various forms once 
released, from high-toxicity (+3 oxidation) to a low-toxicity (methylated) state, uncertainty 
regarding the form of arsenic to which organisms are ultimately exposed will also be of 
importance.  

The influence of these numerous and interrelated factors which span multiple domains will 
remain unknown until the assessments are conducted and complemented with some form 
of sensitivity analysis18. A common strategy that has been applied across numerous 
modelling disciplines to deal with uncertain factors of presupposed relevance is scenario 
analysis. This approach has provided more confidence in the assessments, especially in 
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the presence of epistemic uncertainties. However, the number of uncertain factors and 
plausible scenarios that result from their combined interactions can easily be in the tens 
or even hundreds, especially when considering interactions across social, technical, and 
economic domains that influence a technology's performance. What is often observed in 
practice is that a handful of scenarios are selected, which can help as a benchmarking 
exercise and to identify hotspots.19,20 In this approach, however, the actual relevance of 
the selected scenarios to safety and sustainability implications is not evaluated before they 
are selected, whilst leaving potentially important scenarios outside of the analysis. 

In this chapter, we present a framework to identify the scenarios of most interest that can 
result from the different configurations of the most influential factors and use these to 
prioritize R&D efforts towards safe and sustainable-by-design (SSbD) innovation. We 
illustrate the framework by diving deeper into the case study of III-V/Si cells introduced 
above. The framework follows five steps (Figure 6-1): i) identify and map uncertain factors, 
with special attention to those specific to the forward-looking or ex-ante nature of the 
assessments; (ii) propose methods for the characterization and propagation of the 
uncertainties in these factors; (iii) identify the least sensitive factors and fix them to reduce 
model complexity (iv) apply strategies to reduce uncertainty in the most sensitive factors; 
(v) in a second iteration, select remaining sensitive factors as a basis to develop relevant
scenarios based on sensitivity, e.g. “sensitive scenarios”. Sensitive scenarios will highlight
opportunities for most effective safety and sustainability improvements for technology
designs that are in the early R&D.

We developed this framework considering two different types of environmental 
assessments: life cycle assessment (LCA), and human and ecological risk assessment 

Figure 6-1 Framework for guiding safe and sustainable-by-design innovation. Red arrows show examples of 
uncertain/evolving factors (X#) that may influence the material and energy exchanges associated to the 

technology’s life cycle, and the concomitant impacts and risks. Global Sensitivity Analysis (GSA) can be used 
to prioritize the most influential factors for targeting at the design stage.  
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(HERA). An introduction to each is provided by Guinée et al.21 and ECHA22, respectively. 
The combined use of LCA and HERA is seen as a promising approach for addressing the 
potential environmental concerns of emerging technologies23,24. Although we focus on 
these two methods, the framework we propose can be applied to other types of technology 
assessment models. 

6.2. Methodological framework 
6.2.1. Factors that determine the future environmental performance of 

emerging technologies 
The adoption of a new technology by society will trigger changes in the environment. 
These changes – whether desirable or undesirable – are quantified using indicators such 
as concentration of pollutants in air, area of ecosystem degraded, or risk quotients for 
endpoints such as aquatic species reproduction. Indicators vary in response to changes in 
factors that interact across different domains, forming a cause-effect chain (Figure 6-1, 
left). Some factors are farther removed from the technology design itself but may have a 
larger influence on the indicator. For example, they can reside in regulatory trends, which 
may set increasingly strict limitations on materials usage, or in social/economic/cultural 
trends, which may determine how much of the technology is used and where. In an LCA 
model, for example, a factor such as X8 may represent the amount of electricity that will 
be required by a chosen manufacturing method (X7). A change either in X8 or X7 will 
mediate the quantity of CO2 emitted, but this also depends on the source of electricity that 
is supplied (X3). These relationships -amongst others- determine the technology’s carbon 
footprint. Extrapolating this analysis to entire life cycles and related processes in the 
socioeconomic domains, as well as to other types of indicators beyond carbon footprint, 
makes evident that the number of cause-effect chains and the undetermined factors within 
them may easily fall in the hundreds or thousands.  

6.2.2. Sources of uncertainty in models of the future 
Uncertainty has been comprehensively studied in ex-post assessment models. A good 
overview is provided by Lloyd and Ries25, who classify uncertainties according to different 
LCA modelling components: parameter (input data), model (mathematical relationships), 
and scenario (normative choices). A similar set of uncertainty sources has been described 
in risk assessment26. Ex-ante assessments introduce additional sources of uncertainty due 
to the forward-looking nature of the assessments. Table 6-1 extends our previous work13 
and proposes a comprehensive typology for these new sources, along with relevant 
examples found in both HERA and LCA ex-ante models. It is important to note that there 
can be overlap between uncertainty types. For example, uncertainty in a physical constant 
such as a soil/water partitioning coefficient for a novel substance can be considered either 
parameter or model uncertainty. Uncertainty in a physical constant can even be classified 
as scenario uncertainty whereby each scenario represents a future world where the 
constant has a different value from a range of possible values.  
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6.2.3. Model parametrization: putting uncertainty types at the same level 
The first step in our framework is to translate as many uncertainties as possible to a 
parameter type of uncertainty. This requires all potentially influential factors, such as those 
listed in Table 6-1 to be represented as variable parameters in a single integrated model. 
This is straightforward for the “parameter” types of uncertainties listed. Scenario 
uncertainties of type I, III, V and VII, which are often assessed independently, can also be 
parametrized using the approach we demonstrated in Chapter 4, where alternative 
scenarios exist simultaneously in a model and are activated or deactivated stochastically 
using binomially distributed parameters as triggers.13 Model uncertainties can be 
incorporated in a similar way, as described by Saltelli et al.27 and Mendoza-Beltrán et al.28 

6.2.4. Characterization of ex-ante uncertainty 
The second step involves expressing the range of possible values for all parameters -
including triggers for alternative models and scenarios- as probability distributions. Since 
we are referring to future events, we must first specify what is meant by probability. We 
will advocate for a Bayesian interpretation of probability, but briefly describe other 
approaches as well to support our case: 

§ A frequentist approach determines probability distributions by conducting numerous 
tests (or collecting numerous samples) and recording the frequencies of occurrence
of each value. Such tests or samples can only be collected once a technology is
deployed so the approach is of limited use in ex-ante assessments.

§ The classical approach determines the likelihood of occurrence of each value, based 
on all possible values. This approach can be useful in ex-ante assessments, e.g., if
we know beforehand that there are only three possible processing routes for a given 
component of the technology. This gives each route 1/3 chance of success. An
important limitation of this approach is that all possible values are given equal odds
of occurrence.

§ The Bayesian or subjective approach uses probability distributions to represent the
degree of belief that an observer has in a particular outcome.29,30 The Bayesian
approach has been applied in risk assessment31 and to a lesser extent in LCA32. It
is especially useful for ex-ante assessment, if not essential; many possible future
states cannot be simulated in a frequentist way. While frequentists have long argued 
that subjectivity is a strong limitation (or outright invalidating the scientific nature
of the exercise), it is also a key strength in that it incorporates other sources of
relevant information where actual measurement data is scant or unavailable. Bayes’ 
Theorem provides a formal method for updating the beliefs (represented by so-
called prior probability distributions) once new data becomes available to produce
a posterior distribution.30 This naturally fits the research & development process,
which iterates a technology through additional testing and gradual upscaling in
order to optimize it until it is ready for commercialization.
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The question then is how best to establish prior distributions for uncertainties and 
variabilities of the types listed in Table 6-1, and then how to update them. Prior 
distributions must reflect beliefs about parameters that describe the uncertainty of the true 
(future) state of a factor, e.g., the probability that manufacturing method A will be used 
instead of B for a particular component once the technology reaches industrial scale. The 
most conservative attempt would be to start with flat or "non-informative" prior 
distributions, which distribute probabilities evenly across all possible parameter values. 
However, there is a trade-off regarding how informative subsequent posteriors will be. 
Wolpert et al.33 describe this situation very well and offer that -with important caveats and 
limitations- “collateral evidence” such as that obtained from field studies of similar 
environmental systems, expert elicitation, and laboratory studies of the related process 
can be used to inform priors.33 

Another often-applied rule of thumb in Bayesian statistics is to choose priors from a 
“conjugate distribution family”. Conjugate priors ensure that the functional form of the 
resultant posterior distribution is the same as that of the prior, i.e. a PERT prior probability 
density function will be updated to a PERT posterior probability density function.30 
Conjugate priors also make the estimation of posterior distributions a far simpler and more 
intuitive exercise once additional data or observations are obtained (see Box 6-1).  

6.2.5. Propagation of uncertainty and variability 
Two approaches for propagating uncertainties are commonly applied; analytic and 
numerical34. The models’ complexity and the fact that integrated assessments require 
interaction between different types of models make analytical solutions impractical for this 
type of framework.35 The preferable alternative is Monte Carlo simulation36,37, which 
generates numerous random samples from the underlying probability distribution of the 
model’s input parameters and calculates an equal number of values for the model’s output. 
The frequency distribution of the obtained values is used to construct a probability 
distribution. 

When propagating uncertainty, it is often the case that two or more elements in a model 
share a source of uncertainty. When this happens, the values for both parameters are 
dependent.35 Correlations have been identified between many elements of ex-post LCA 
models.38,39 They also exist amongst the ex-ante uncertain parameters listed in Table 6-1. 
For example, a future increase in ambient temperature may affect the amount of cooling 
needed to safely operate a novel battery technology, increasing energy consumption and 
CO2 emissions of the system. The same factor may affect precipitation and cloud cover. 
Both mechanisms will have a global warming impact that to some extent depends on the 
same uncertain factor.  



T
ab

le
 6

-1
 U

nc
er

ta
in

 fa
ct

or
s i

n 
ex

-a
nt

e 
as

se
ss

m
en

ts
 o

f e
m

er
gi

ng
 te

ch
no

lo
gi

es
. F

ac
to

rs
 a

re
 c

la
ss

ifi
ed

 a
cc

or
di

ng
 to

 th
ei

r m
od

el
lin

g 
do

m
ai

n 
an

d 
w

he
th

er
 th

ey
 a

re
 e

xt
rin

sic
 o

r 
in

tri
ns

ic
 to

 d
ec

isi
on

-m
ak

in
g 

du
rin

g 
th

e 
R

&
D

 p
ro

ce
ss

. 

TT
yypp

ee  
DD

oomm
aaii

nn  
IInn

ttrr
iinn

ss..
((II

))//
    

EE
xxtt

rriinn
ss..

((EE
))  

UU
nncc

eerr
ttaa

iinn
  ffaa

cctt
oorr

  
UU

nncc
eerr

ttaa
iinn

ttyy
  

ttyy
ppee

  
LLCC

AA
  

ccoo
mm

ppoo
nnee

nntt
  

HH
EE

RR
AA

  
ccoo

mm
ppoo

nnee
nntt

  
CC

oonn
ttee

xxtt
  aa

nndd
  ee

xxaa
mm

ppll
eess

  

I 
T

ec
hn

ol
og

y 
de

si
gn

 
I 

M
at

er
ia

l c
ho

ic
e 

Sc
en

ar
io

 
In

ve
nt

or
y 

(fo
re

gr
ou

nd
) 

Si
m

ila
rit

y 
es

tim
at

es
 

D
iff

er
en

t m
at

er
ia

ls
 w

ill
 b

e 
te

st
ed

 a
nd

 s
el

ec
te

d 
ba

se
d 

on
 

op
tim

iz
ed

 p
er

fo
rm

an
ce

; m
or

e 
re

ce
nt

ly
 s

af
et

y,
 c

he
m

ic
al

 
si

m
pl

ic
ity

 a
nd

 re
cy

cl
ab

ili
ty

 a
re

 a
ls

o 
co

ns
id

er
ed

. S
ee

 B
la

nc
o 

et
 

al
.13

 (m
et

al
liz

at
io

n 
of

 P
V

 c
el

ls
) 

II
 

T
ec

hn
ol

og
y 

de
si

gn
 

I 
M

at
er

ia
l q

ua
nt

ity
 

Pa
ra

m
et

er
 

In
ve

nt
or

y 
(fo

re
gr

ou
nd

) 
E

m
is

si
on

 
sc

en
ar

io
 

Q
ua

nt
iti

es
 o

f m
at

er
ia

ls
 u

se
d 

in
 th

e 
de

si
gn

 m
ay

 v
ar

y 
as

 th
e 

de
si

gn
 g

et
s 

op
tim

iz
ed

.  

II
I 

T
ec

hn
ol

og
y 

m
an

uf
ac

tu
rin

g 
I 

M
an

uf
ac

tu
rin

g 
ro

ut
e 

Sc
en

ar
io

 
In

ve
nt

or
y 

(fo
re

gr
ou

nd
) 

E
m

is
si

on
 

sc
en

ar
io

 
M

an
uf

ac
tu

rin
g/

sy
nt

he
si

s 
m

et
ho

ds
 m

ay
 c

ha
ng

e 
w

he
n 

up
sc

al
in

g 
to

 in
du

st
ria

l s
ca

le
. S

ee
 P

ic
ch

in
o 

et
 a

l.4
0  (

ch
em

ic
al

s)
 

IV
 

T
ec

hn
ol

og
y 

m
an

uf
ac

tu
rin

g 
I 

M
at

er
ia

l a
nd

 
en

er
gy

 u
se

 
Pa

ra
m

et
er

 
In

ve
nt

or
y 

(b
ac

kg
ro

un
d)

 
E

m
is

si
on

 
sc

en
ar

io
 

Pr
oc

es
s 

op
tim

iz
at

io
ns

 li
ke

ly
 le

ad
 to

 re
du

ce
d 

m
at

er
ia

l a
nd

 
en

er
gy

 c
on

su
m

pt
io

n.
 S

ee
 C

uc
ur

ac
hi

 e
t a

l.4
1  (

si
lic

on
 P

V
 c

el
ls

) 

V
 

T
ec

hn
o-

ec
on

om
ic

 
E

 
E

xt
er

na
l i

nd
us

tr
ie

s 
pr

oc
es

se
s 

Sc
en

ar
io

 
In

ve
nt

or
y 

(b
ac

kg
ro

un
d)

 
E

m
is

si
on

 
sc

en
ar

io
 

A
na

lo
go

us
 to

 (I
II

) b
ut

 a
pp

lie
d 

to
 e

xt
er

na
l s

up
pl

ie
rs

. 

V
I 

T
ec

hn
o-

ec
on

om
ic

 
E

 
E

xt
er

na
l i

nd
us

tr
ie

s 
m

at
er

ia
ls

 &
 e

ne
rg

y 
us

e 

Pa
ra

m
et

er
 

In
ve

nt
or

y 
(b

ac
kg

ro
un

d)
 

E
m

is
si

on
 

sc
en

ar
io

 
A

na
lo

go
us

 to
 (I

V
) b

ut
 a

pp
lie

d 
to

 e
xt

er
na

l s
up

pl
ie

rs
. S

ee
 

H
ar

pp
re

ch
t e

t a
l.4

2  (
m

et
al

s)
 

V
II

 
T

ec
hn

o-
ec

on
om

ic
 

E
 

E
xt

er
na

l m
ar

ke
ts

 
co

m
po

si
tio

n 
Sc

en
ar

io
 

In
ve

nt
or

y 
(b

ac
kg

ro
un

d)
 

E
m

is
si

on
 

sc
en

ar
io

 
C

ha
ng

es
 in

 m
ar

ke
t c

om
po

si
tio

ns
 fo

r p
ro

du
ct

s 
an

d 
se

rv
ic

es
 in

 
th

e 
su

pp
ly

 c
ha

in
. S

ee
 M

en
do

za
-B

el
tr

an
 e

t a
l.4

3  (
en

er
gy

) a
nd

 
H

ar
pp

re
ch

t e
t a

l.4
2  (

m
et

al
s)

 

V
II

I 
T

ec
hn

ol
og

y 
us

e 
I/

E
 

Fu
nc

tio
n 

of
 

te
ch

no
lo

gy
 

Sc
en

ar
io

 
G

oa
l a

nd
 s

co
pe

 E
m

is
si

on
 

sc
en

ar
io

 
T

he
 te

ch
no

lo
gy

 m
ay

 u
lti

m
at

el
y 

be
 u

se
d 

in
 d

iff
er

en
t w

ay
s.

 It
 

m
ay

 b
e 

us
ed

 fo
r m

ul
tip

le
/d

iff
er

en
t p

ur
po

se
s.

 S
ee

 H
ire

m
at

h 
et

 
al

.44
 (b

at
te

rie
s)

 a
nd

 H
is

ch
ie

r e
t a

l.4
5  (

en
gi

ne
er

ed
 

na
no

m
at

er
ia

ls
). 

IX
 

T
ec

hn
ol

og
y 

us
e 

I/
E

 
Su

rv
iv

al
/F

ai
lu

re
 

ra
te

s 
Pa

ra
m

et
er

 
In

ve
nt

or
y 

(fo
re

gr
ou

nd
) 

E
m

is
si

on
 

sc
en

ar
io

 
Fa

ilu
re

s 
(d

ue
 to

 e
.g

. o
bs

ol
es

ce
nc

e,
 d

eg
ra

da
tio

n 
or

 m
is

us
e)

 
m

ay
 c

ut
 th

e 
te

ch
no

lo
gi

ca
l p

ro
du

ct
s’

 li
fe

tim
es

 s
ho

rt
. S

ee
 M

ill
er

 
et

 a
l.4

6  (
on

lin
e 

co
m

m
er

ce
) 

____ 
109 



TT
yypp

ee  
DD

oomm
aaii

nn  
IInn

ttrr
iinn

ss..
((II

))//
   

EE
xxtt

rriinn
ss..

((EE
))  

UU
nncc

eerr
ttaa

iinn
  ffaa

cctt
oorr

  
UU

nncc
eerr

ttaa
iinn

ttyy
  

ttyy
ppee

  
LLCC

AA
  

ccoo
mm

ppoo
nnee

nntt
  

HH
EE

RR
AA

  
ccoo

mm
ppoo

nnee
nntt

  
CC

oonn
ttee

xxtt
  aa

nndd
  ee

xxaa
mm

ppll
eess

  

X
 

T
ec

hn
ol

og
y 

us
e 

I 
Fu

nc
tio

na
l 

pe
rf

or
m

an
ce

 
Pa

ra
m

et
er

 
G

oa
l a

nd
 s

co
pe

 E
m

is
si

on
 

sc
en

ar
io

 
O

pe
ra

tio
na

l p
er

fo
rm

an
ce

 p
ar

am
et

er
s 

m
ay

 d
ev

ia
te

 fr
om

 
ex

pe
ct

ed
 v

al
ue

s.
 S

ee
 G

on
g 

et
 a

l.4
7  (

pe
ro

vs
ki

te
 P

V
). 

X
I 

T
ec

hn
ol

og
y 

E
O

L 
I/

E
 

R
ec

yc
lin

g 
Sc

en
ar

io
 

In
ve

nt
or

y 
(fo

re
gr

ou
nd

) 
E

m
is

si
on

 
sc

en
ar

io
 

T
he

 d
ev

el
op

m
en

t o
f r

ec
yc

lin
g 

m
et

ho
ds

 o
fte

n 
la

gs
 b

eh
in

d 
te

ch
no

lo
gy

 d
ep

lo
ym

en
t. 

It
 is

 n
ot

 k
no

w
n 

w
he

th
er

 a
nd

 h
ow

 
th

is
 w

ill
 h

ap
pe

n.
 S

ee
 R

au
ge

i a
nd

 W
in

fie
ld

48
 (b

at
te

ry
 re

cy
cl

in
g)

 

X
II

 
R

eg
ul

at
or

y 
E

 
M

at
er

ia
l u

se
 &

 
em

is
si

on
 

th
re

sh
ol

ds
 

Pa
ra

m
et

er
/

sc
en

ar
io

 
In

ve
nt

or
y 

(b
ac

kg
ro

un
d)

 
E

m
is

si
on

 
sc

en
ar

io
 

R
eg

ul
at

io
n 

m
ay

 im
po

se
 n

ew
 li

m
its

 o
n 

em
is

si
on

s,
 u

se
 o

r 
ch

oi
ce

 o
f m

at
er

ia
ls

 a
nd

 e
ne

rg
y 

so
ur

ce
s.

 

X
II

I 
E

nv
iro

nm
en

t 
/l

an
ds

ca
pe

 
E

 
C

ha
ra

ct
er

iz
at

io
n 

m
od

el
: f

at
e 

Pa
ra

m
et

er
 

Im
pa

ct
 

as
se

ss
m

en
t 

Fa
te

 
La

nd
sc

ap
e 

pa
ra

m
et

er
s 

th
at

 m
ay

 a
ffe

ct
 tr

an
sp

or
t a

nd
 fa

te
 o

f 
th

e 
su

bs
ta

nc
es

 c
an

 c
ha

ng
e 

in
 ti

m
e,

 e
.g

. c
ha

ng
in

g 
av

er
ag

es
 fo

r 
am

bi
en

t t
em

pe
ra

tu
re

s,
 w

in
d 

sp
ee

ds
 o

r o
ce

an
 w

at
er

 p
H

 c
an

 
af

fe
ct

 h
ow

 s
ub

st
an

ce
s 

ar
e 

di
st

rib
ut

ed
 in

 th
e 

en
vi

ro
nm

en
t. 

X
IV

 
E

nv
iro

nm
en

t 
/l

an
ds

ca
pe

 
E

 
C

ha
ra

ct
er

iz
at

io
n 

m
od

el
: e

xp
os

ur
e 

Pa
ra

m
et

er
 

Im
pa

ct
 

as
se

ss
m

en
t 

E
xp

os
ur

e 
Pa

ra
m

et
er

s 
th

at
 a

ffe
ct

 e
xp

os
ur

e 
e.

g.
 p

op
ul

at
io

n 
de

ns
iti

es
 o

r 
di

et
s 

ca
n 

ch
an

ge
 in

 ti
m

e.
 

X
V

 
E

nv
iro

nm
en

t 
/l

an
ds

ca
pe

 
E

 
C

ha
ra

ct
er

iz
at

io
n 

m
od

el
: e

ffe
ct

 
M

od
el

 
Im

pa
ct

 
as

se
ss

m
en

t 
E

ffe
ct

 
M

ar
gi

na
l c

ha
ng

es
 m

ay
 re

su
lt 

in
 e

xp
on

en
tia

lly
 la

rg
er

 e
ffe

ct
s 

as
 

th
e 

ba
se

lin
e 

co
nd

iti
on

 d
et

er
io

ra
te

s.
 e

.g
. i

m
pa

ct
 o

f i
nc

re
as

ed
 

ra
di

at
iv

e 
fo

rc
in

g 
on

 e
co

sy
st

em
s.

 

X
V

I 
T

ec
hn

o-
ec

on
om

ic
 

E
 

A
llo

ca
tio

n 
Pa

ra
m

et
er

 
In

ve
nt

or
y 

(fo
re

gr
ou

nd
) 

N
.A

. 
T

he
 p

ar
am

et
er

s 
us

ed
 to

 e
st

ab
lis

h 
th

e 
cr

ite
ria

 fo
r a

llo
ca

tio
n 

of
 

m
ul

tif
un

ct
io

na
l p

ro
ce

ss
es

 m
ay

 c
ha

ng
e 

in
 ti

m
e.

 e
.g

. f
or

ec
as

te
d 

m
ar

ke
t v

al
ue

s 
in

 th
e 

ca
se

 o
f e

co
no

m
ic

 a
llo

ca
tio

n 
in

 L
C

A
. 

X
V

II
 T

ec
hn

o-
ec

on
om

ic
 

E
 

R
es

ou
rc

es
 

Pa
ra

m
et

er
 

Im
pa

ct
 

as
se

ss
m

en
t 

N
.A

. 
A

va
ila

bi
lit

y 
of

 n
at

ur
al

 re
so

ur
ce

s 
m

ay
 c

ha
ng

e 
ov

er
 ti

m
e.

 T
hi

s 
ca

n 
pa

rt
ic

ul
ar

ly
 a

ffe
ct

 L
C

A
 im

pa
ct

 c
at

eg
or

ie
s 

re
la

te
d 

to
 

re
so

ur
ce

 d
ep

le
tio

n.
 S

ee
 B

au
st

er
t e

t a
l.4

9  (
w

at
er

 s
ca

rc
ity

) 

____ 
110 



____ 
111 

Integrating models presents an important opportunity to account for dependencies 
between parameters across different processes, scales and domains. This is not trivial to 
our goal: a factor that has dependencies can have additional indirect influence on the 
model’s output, i.e., it may become more relevant. A convenient way to address 
correlations is to isolate each shared source of uncertainty or variability in one single 
parameter. The random values for the Monte Carlo simulation can be pre-sampled, 
ensuring the same value for all occurring instances of the shared parameter is used within 
each Monte Carlo run.50 This strategy already prepares the data required for the next step. 

6.2.6. Global sensitivity analysis: screening for relevant factors 
A global sensitivity analysis (GSA) reveals “how uncertainty in the output of a model 
(numerical or otherwise) can be apportioned to different sources of uncertainty in the 
model input”51. In our framework, GSA is used as the “sieve” which selects the most 
relevant factors from all those identified. The characteristics of the integrated models we 
use place certain constraints on the type of GSA that can be performed. First, it is likely 
that the resulting models will be highly dimensional with numerous uncertainty 
parameters. This requires calculation algorithms for sensitivity indices that can be 
performed in a reasonable computational time. Second, the models are usually integrated 
by passing output data as input data between them (as in the integration of economic 
demand with emissions and fate models in Chapter 5), which makes analytical GSA 
methods not practicable. “Black box” or model-independent GSA methods such as the 
delta measure introduced by Borgonovo52 are thus favoured. Third, the introduction of 
binomial and other discrete distributions for parameters may sometimes result in 
multimodal output distributions. Therefore, variance-based methods may not be suitable 
and moment-independent methods are preferred.52,53  

As we showed in Chapter 4, and elsewhere13,41, one GSA method that meets these 
requirements is the Borgonovo delta sensitivity measure54. The Borgonovo delta 
represents the influence of a parameter as its ability to shift the model’s output distribution 
curve. This is illustrated by Figure 6-2, where the red probability distribution curve is the 
environmental risk of a technology when all uncertain factors are left to vary freely across 
their entire spectrum of possibilities, according to their underlying distributions 
(unconditional). If one factor in the risk model can be fixed at a value representing one 
scenario, the curve will shift by moving along the x-axis (lower or higher risk depending on 
the value assumed by the parameter) and will become narrower (lower 
uncertainty/dispersion in the model output or risk score). The new blue curve (conditional) 
is the environmental risk for the specified scenario. For an environmental indicator, it is 
usually desirable that the output distribution curve moves towards the origin on the x-axis 
(lower risk/impact) and becomes narrower (less uncertainty). The curve shift is defined by 
Borgonovo as the non-overlapping area between both curves. The delta sensitivity 
measure is the probability-weighted average of all possible shifts induced by the parameter 
when it is fixed at its possible values.54  



6.2.7. Second iteration: further reducing uncertainty 
The first GSA iteration may result in several factors that have higher sensitivity. Before 
producing recommendations or making any decisions on the technology design, three 
avenues can be used first to further reduce uncertainty in the model. For subjective 
probabilities: structured expert knowledge elicitation protocols such as DELHPI, aimed 
at reducing bias while furthering consensus55,56. Some of these methods have even 
been extended to incorporate the experts’ beliefs regarding their own uncertainty57–59  
For other uncertain factors, more refined modelling can be applied specifically to the 
nature of the parameter, e.g. hydrological, geochemical, or economic models based on 
market research. A third recourse is to collect additional data from lab or pilot-scale 
tests, such as leaching tests or process consumption and emissions measurements. 
Bayesian inference can then be used to update the probability distributions for the 
factors for which new data was obtained (see Box 6-1). 

6.2.8. Proposing safe and sustainable by design strategies 
Once the possibilities to further reduce uncertainty have been exhausted, a 
second uncertainty propagation and GSA iteration will produce the residual most 
relevant factors. These factors can then be used to construct “sensitive” scenarios, which 
by this point will likely consist of a much smaller, but highly relevant subset. These 
scenarios can be used to engage with technology developers and other stakeholders 
(e.g., suppliers, consumers, policymakers, funding agencies and environmental 
advocacy groups) around the prioritization of design changes and/or other measures 
that can be taken to show the most efficient measures towards a safe and sustainable 
deployment of the technology.  

The sensitive scenarios point to the factors which are most influential while still subject to 
considerable change. This presents an opportunity to influence these factors by attempting 
to fix them at a desirable value or at least reduce their uncertainty/variability towards a 
smaller and more desirable range (shift the distribution to the left and make it narrower). 
Because the factors can span different model domains, their nature may vary significantly 
as will the possible ways to influence them. A well-tested guiding principle that has been 
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Figure 6-2 Graphical representation of Borgonovo’s delta sensitivity measure in an environmental model. 
The non-overlapping area (blue + red) represents the shift in the curve when the model is evaluated 

conditional to an uncertain fixed at one of its possible values (Adapted from Borgonovo52). 
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applied for several decades in risk management is the hierarchy of risk control measures, 
which leads the decision-maker to prioritize strategies according to the order (i) 
elimination, (ii) substitution, (iii) engineering control, (iv) procedural control and (v) 
personal protective equipment. Such strategies are already very visible in proposals for 
emerging PV technologies, such as in-situ sequestration of lead in perovskite solar cells60 
(engineering control), replacement of lead for tin (substitution)61, and administrative 
management of the risk (e-waste regulations17,62).  

6.3. Case study of an emerging solar energy technology 

6.3.1. III-V/Si photovoltaic system 
To demonstrate the proposed framework, we apply it to the III-V/Si PV technology. In 
Chapter 3 we conducted a life cycle assessment of this technology largely based on lab-
scale and pilot data from a European R&D project.63,64 In the following sections we take 
this as a starting point and develop the different steps of the framework. The iterations 
result in different versions of the LCA and RA models, each representing our state of 
knowledge at different points in time as the R&D project advanced. 

6.3.2. Life cycle assessment 
The manufacturing of III-V/Si cells involves numerous processing steps, most of which 
are already at industrial scale and used in the mainstream silicon PV industry. Two key 
steps, however, are still early-stage concepts which could only be tested at lab and pilot-
scale. The first is the deposition of the top cell’s III-V layers, which are grown via 
Metalorganic Vapour Phase Epitaxy (MOVPE).65 In the initial phase of the project (t=0) 
we considered state-of-the-art MOVPE reactors that are currently used in related 
industries. These reactors have a high energy consumption with low throughputs (7 round 
4” wafers per run at 3.5-hour runtime). For a future III-V/Si PV industry, this would not be 
economically viable or environmentally advantageous.64 Therefore, this was an R&D 
priority and by the end of the project (t=1), a pilot-scale reactor achieved a throughput of 
31 round 4” wafers per run at 2.5 hours runtime.  

It was determined, however, that even larger throughputs would be required to make the 
technology economically feasible. Further projections of throughput increase and runtime 
reductions were elicited from experts, based on what they would consider feasible future 
improvements in the reactor (t=2). Such improvements include switching to larger wafers 
(square M2 wafers) and increasing throughput to 50 wafers per run at 0.5 hours runtime. 
A PERT distribution was used to represent this uncertain evolution via two factors: 
MOVPE power consumption per wafer area and MOVPE process runtime. The 
distributions’ minimum, mode and maximum parameters were adjusted accordingly 
between t=0 and t=2 based on the R&D achievements and experts’ projections for what 
would ultimately be feasible.  
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The second key processing step is the metallization of the front contacts, for which a 
decision had to be made between nanosilver and nanocopper ink as described in Chapter 
4.13 The analysis made in this previous work represented the state of knowledge at an 
initial state of the project (t=0). Additional research and testing were conducted, showing 
more promising results for copper. We use this Boolean factor to illustrate Bayesian 
updating within the framework (see Box 6-1) and how it can be updated in an intermediate 
step (t=1) and towards the end of the project (t=2) based on the results of lab tests.  

Box 6-1 – Bayesian updating applied to uncertainty in material compositions 
In building an ex-ante LCA of an emerging photovoltaic cell design, it was found that two alternative 
materials for the front metallic contacts were under consideration: nanosilver and nanocopper 
particles.13 The material that shows best electrical properties will ultimately be incorporated in the 
cell design, but this may depend on evolving intrinsic and extrinsic factors. Thus, we want to use a 
probability distribution to represent the chance of copper performing better than silver, so that the 
choice of material can be used in a probabilistic LCA model. The competition between copper and 
silver can be simulated as a binomial process, where the success of copper over silver in any given 
trial is described by Equation 6-1: 

!~#$%(1, )) (Eq. 6-1) 

If copper is successful, xx will take a value of 1 while if silver is successful, xx will take a value of 0. 
The uncertain parameter of interest is pp, which is the probability of copper having better properties 
than silver in a random trial*. We don’t know this probability and must make a subjective estimate 
of it. The data we have is the following: Six trials have been conducted to date. Copper showed 
better properties (success) on 4 of the 6 trials. 

Establishing a prior: Choosing a beta distribution to describe pp greatly simplifies inference of 
binomial parameters.* From the data we have, we set the mean µµ=4/6 from a sample size nn=6. The 
parameters α00 and β00 of the (prior) beta distribution for pp can be calculated from µµ and nn using 
Equations 6-2 and 6-3. Our prior beta distribution for pp is then specified by parameters α00 = 4 and 
β00 = 2 (Figure 6-3, “Prior”). 

+! = - ∙ %              (Eq. 6-2) /! = (1 − -) ∙ % (Eq. 6-3) 

Updating to a posterior: A posterior distribution for pp can be obtained when additional testing is 
performed. Following the analytical updating procedure of DeGroot66, if 3 additional laboratory 
tests (trials) are performed and copper shows better performance in 2 out of 3 tests, the posterior 

distribution (Figure 6-3, Post1) will also have a beta form, this 
time with α11 = α0 + 2 and β11 = β0 + 1. Here, 2 and 1 represent 
successes and failures of copper to perform better than silver in 
the new trials, respectively. If an additional test is performed 
where copper is again successful, we again update our posterior 
beta distribution (Post2) with α2= α1 + 1 and β2= β1 + 0 (Post2). 

The x-axis in Figure 6-3 plots pp, which is the chance of success 
of copper, and the y-axis plots the probability of the x-value for 
parameter pp being correct. Updating pp with new test results 
moves the chances in favour of copper but also reduces the 
spread of the distribution curve. 

Figure 6-3 Bayesian updating of the 
probability of success of copper over 

silver 
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Some additional parameters in the background silicon supply chain and other non-cell 
components were also updated between t=0 and t=2 to better reflect state-or-the-art, 
following the work of Cucurachi et al.41 Table 6-2 summarizes how we represented the 
evolution of these factors in the model using different probability distributions.  

The resulting impact score distributions for climate change for each snapshot of the 
technology is shown in Figure 6-4. The figure clearly illustrates how successive iterations 
reduce not only the impact (by any measure of central tendency) but the dispersion as 
well. The Bayesian updating of the front metallization route in favour of copper with a laser 
sintering route shifted the distribution slightly to the left and reduced dispersion at t=1. In 
the final period of the R&D project (t=2), two key achievements resulted in a significant 
improvement and reduction in uncertainty: the successful demonstration of the pilot 
reactor with significantly lower power requirements, and the decision to fully abandon the 
silver metallization route as well as the chemical sintering method in favour of the copper 
with laser sintering route.  

In the first iteration (t=0), the global sensitivity analysis (Figure 6-5) highlighted the 
sensitivity importance of the power consumption of the MOVPE tool (P_movpe_tool)*, 
followed by MOVPE runtime (RT_movpe) and panel lifetime (LT_panel). A second tier of 
importance consisted of several factors in the background silicon supply chain as well as 
the choice between copper and silver nanoink (Cu_vs_Ag) for the front metallization, and 
the chances of success of the different nanoparticle synthesis and ink sintering routes (p1-
p5).  In the case of binomially distributed factors, the underlying probabilities px of each 
were more influential than the factors themselves. This contrasts with the result we had 
obtained for similar distributions in the simplified case study of Chapter 4. 

Figure 6-4 Frequency distribution for climate change impact scores (in kg CO2 eq) of the emerging III-V/Si 
technology in three successive snapshots in time: t0=midpoint through the R&D project, t1=after additional 

lab tests for different front metallization configurations, and t2=at the end of the R&D project.  

* See Table 6-2 for factor/parameter definitions.
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ctors related to the metallization route. In the final tier with lowest relevance were factors Table 6-2 - Evolution of key factors in an LCA model of the III-V/Si tandem photovoltaic technology 

FFaaccttoorr  IIdd  FFaaccttoorr  ddeessccrriippttiioonn  IInniittiiaall  mmooddeell  ((tt==00))  FFiinnaall  mmooddeell  ((tt==22))  

MOVPE 
P_movpe MOVPE tool power load 

per processed wafer area 
pert (min=1, mode=509, 
max=509, shape=4) 

pert(min=13.3, mode=119, 
max=119, shape=4) 

RT_movpe MOVPE runtime pert(min=0.5, mode=3.5, 
max=3.5) 

pert(min=0.5, mode=1, 
max=2.5) 

Scru_cons Scrubber granulate 
consumption 

triang(min=2.55, mode=7.65, 
max=7.65) 

No change 

Front metal* 
Cu_v_Ag Choice of Cu nanoink vs. 

Ag nanoink 
bin(1, p1) 
p1 ~ beta(4,2) 

1 (resolved) 

Synth_Ag Choice of chemical vs 
physical synthesis for Ag 

bin(1, p2) 
p2 ~ pert(1000, 0.5,0.7,0.8) 

N/A 

Synth_Cu Choice of chemical vs 
physical synthesis for Cu 

bin(1, p3) 
p3 ~ pert(1000, 0.5,0.7,0.8) 

No change 

Sint_Cu Choice of laser vs. 
chemical sintering for Cu 

bin(1, p4); 
p4 ~ pert(min=0.1, mode=0.2, 
max=0.3, shape=4) 

1 (resolved) 

Sint_Ag Choice of laser vs. 
chemical sintering for Ag 

bin(1, p5); 
p5 ~ unif(1000, 0,1) 

N/A 

Performance parameters 

Eff_panel Panel efficiency pert(min=0.25, mode=0.28, 
max=0.31, shape=4) 

No change 

PR_syst Performance ratio of PV 
system 

pert(min=0.8, mode=0.85, 
max=0.9, shape=4) 

No change 

LT_panel Panel lifetime norm(30, 5) No change 
Background supply chain 
Cu_scrub Scrubber granulate copper 

fraction 
pert(min=0.2, mode=0.3, 
max=0.7, shape=4) 

No change 

Cu_rec Recycling of copper from 
granulate 

bin(n=1, p= 0.5) No change 

Al_panel Aluminium in panel lnorm(gm= 2.63, gsd=1) unif(1000, min=1.6, max=2) 
Glass_panel Glass in panel lnorm(gm=10.08, gsd=1.22) unif(1000, min=5.04, 

max=7.56) 
Elec_panel Electricity to manufacture 

panel 
lnorm(gm=4.71, gsd=1) unif(1000, min=12.22, 

max=15.27) 
Elec_siem Electricity consumption 

Siemens process 
lnorm(gm=110, gsd=1) unif(1000, min=34.1, 

max=44.3) 
Heat_siem Heat consumption Siemens 

process 
lnorm(gm=185, gsd=1) unif(1000, min=57.24, 

max=74.52) 
Elec_CZ Electricity consumption 

Czochralski process 
lnorm(gm=85.6, gsd=1.22) unif(1000, min=43.4, 

max=69.3) 
Si_CZ Silicon consumption for 

Czochralski process 
lnorm(gm=1.07, gsd=1) triang(1000, min=0.4, 

mode=0.66, max=0.75) 
*For the Front metal components, the five uncertain choices are represented by two uncertain factors each: the choice (a 
variable equal to 1 or 0) and the chances of success for the given choice, which is represented by an uncertain factor px. 
The initial model then has 25 uncertain factors in total.
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Figure 6-5 Delta sensitivity measures (relative to other factors) in three successive snapshots in time: t=0: 
midpoint through the R&D project, t=1: after additional lab tests for different front metal configurations, and 

t=2: at the end of the R&D project. The description of each factor is provided in Table 6-2.  

At the end of the R&D project (t=2), the influence of MOVPE power consumption is largely 
reduced and the  most sensitive factor by a considerable margin is now the panel’s lifetime. 
This presents an interesting opportunity; on one hand, III-V cells have been designed in 
the past to withstand extreme radiation for their applications in space and there is a good 
case for III-V/Si cells to last longer than conventional silicon ones. Following the hierarchy 
of risk controls suggested in section 6.2.8, this would constitute a very effective engineering 
control. In addition to this, the high efficiency of III-V/Si cells means that they are less 
likely to become obsolete before they reach their end-of-life.  

6.3.3. Risk assessment 
In Chapter 5 we conducted a detailed prospective ecological risk assessment of the 
III-V/silicon tandem PV technology throughout its various life cycle stages, with a focus
on the III-V materials that constitute the top cell (gallium, arsenide, indium). The model
underpinning the assessment presented reflects the current state-of-knowledge and
concluded that the risks are low to negligible in the explored scenarios. An earlier
preliminary version of the assessment was conducted ca. 2 years earlier with more limited
knowledge.67 Here we present for illustration purposes how this first version of the model
was refined and how the conclusions changed considerably after applying the framework.
The key model settings and assumptions that changed are described in Table 6-3.

Figure 6-6 shows the distribution for the risk quotient obtained for arsenic emissions to 
soil in a no-recycling scenario (no arsenic recovered from PV panels collected for 
disposal). A global sensitivity analysis of this preliminary model highlighted the leaking rate 
and the leaching rate as the most sensitive parameters. Thus, increased focus was placed 
on the landfill emissions component of the model during the final 2 years of the R&D 
program. The model was refined as presented in Chapter 5, with leaching processes 
reparametrized in terms of a solid/waste partitioning coefficient (ksw) for which more than 
100 datapoints were available. Leakage processes were also reparametrized in terms of 
landfill infiltration, for which again more than 100 datapoints were available.  
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Table 6-3 - Evolution of key factors in the ecological risk assessment model of the III-V/Si tandem 
photovoltaic technology 

FFaaccttoorr  ddeessccrriippttiioonn  PPrreelliimmiinnaarryy  mmooddeell  ((tt==00))  CCuurrrreenntt  mmooddeell  ((tt==11))  FFuuttuurree  mmooddeell  ((tt==22))  

PV capacity 
demand 

Steady state 5 GW capacity 
addition per year 

Dynamic, logistic growth 
curve based on >1000 
datapoints.  

No change 

Arsenic waste 
leaching in landfill 

Constant rate (% 
mass/year). Empirical, based 
on two datapoints, a 
lognormal distribution was 
assumed with mean 0.8 and 
variance 0.3. 

Dynamic, calculated from 
empirical solid/waste 
partitioning coefficient (ksw) 
based on >100 datapoints. 

Leachate pH controlled 
resulting in higher ksw 
(now sampled only from 
the upper quartile of the 
distribution used in t=1). 

Leakage of landfill 
leachate to 
surrounding soil 
compartment 

Constant leakage rate of 
landfill leachate to the 
surrounding soil 
compartment (%/year): 
based on 1 datum, a 
lognormal distribution was 
assumed with mean 2.0 and 
variance 0.7. 

Constant, calculated from 
landfill infiltration rates 
based on >100 datapoints. 

No change 

Landfill cell depth Not applicable Empirical, exponential 
distribution with a peak at 
10 and lower value 0.5m. 
based on >100 datapoints.   

Increased landfill depths 
(PERT distribution with 
min=5, mode=7.5 
max=10 m.) 

Recycling rate 85%-99.9% panels collected 85%-99.9% panels 
collected 

Increased to 95%-99.9% 
panels collected 

Incinerator 
abatement 

98-99.9% arsenic captured in 
electrostatic precipitator

No change Improved to 99.5-99.9% 
arsenic captured in 
electrostatic precipitator 

Figure 6-6 Frequency distribution of risk quotient for III-V/Si arsenic emissions to soil in the European 
continent 



____ 
119 

Both processes -along with the growth in PV demand- were modelled dynamically rather 
than steady-state, recognizing the relevance of the temporal dimension and to reflect more 
realistic scenarios. As a result, the risk quotient for arsenic in the soil compartment in 
Europe was reduced by several orders of magnitude, becoming negligible. We note that 
dispersion increased considerably with the model refinement that took place between t=0 
and t=1. This is likely attributed to the refined landfill model where the new parameters – 
especially the waste/leachate partitioning coefficient - introduced a large variability. 
Arguably, it is best to first improve accuracy, even if it at the expense of precision.12  

The GSA in Chapter 5 (corresponding to t=1) pointed to four factors to target and 
strategies to address them: the waste/leachate partitioning in the landfill, the landfill depth, 
the recycling rate, and the incinerator abatement. The combined effect of these actions 
can be evaluated in an “optimistic” future scenario t=2, where the risk could be reduced 
by an additional order of magnitude as a result of specific strategies. Figure 6-6 shows how 
the risk is further reduced by nearly an order of magnitude.  

6.4. Discussion 

6.4.1. Insights obtainable through the framework 
Applying our framework to the LCA of the III-V/Si PV system highlighted a very 
interesting point regarding the lifetime of PV panels, which resulted in the most sensitive 
factor after three iterations. While it is common in LCAs of PV to standardize the lifetime 
parameter to a fixed value68 e.g., 25 or 30 years, there is an important variability coming 
from two different sources. On one hand there is the stability of the cell/panel and its 
ability to withstand weathering and degrade slowly. Some opportunities for improvement 
in this sense lie within the grasp of the technology developer. III-V/Si cells already present 
an important advantage as they can withstand high radiation for long periods of time 
without degrading.  

Further work on improved cell coatings and panel glass framing may offer important 
avenues for more sustainable design. On the other hand, there is the proper maintenance 
and protection of the panel during its use phase. Together with the decision to use the 
panel throughout its entire useful life and not replace it earlier than needed, this 
opportunity is on the side of the consumer. Our analysis indicates that if the technology 
developer undertakes all foreseeable actions to improve the manufacturing and design, 
then the influence the consumer has over the panel reaching its EOL too early will 
significantly outweigh additional marginal improvements that can be achieved on the 
design side. Furthermore, we note that the performance ratio (PR_syst), which can also be 
influenced by the user via adequate maintenance/cleaning and proper installation setup, 
had a moderate ranking in sensitivity (Figure 6-5). In a way, these recommendations follow 
the progression of the hierarchy of risk controls, where engineering controls (design 
changes) are exhausted and administrative controls (e.g., consumer behaviour) follow next. 
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To better illustrate the potential implications of improved panel lifetime management, we 
can observe the shift in the climate change impact score distributions when panel lifetime 
is fixed at its min (25 years) and max (35 years) values for a pessimistic and optimistic 
case, respectively. For the distributions in Figure 6-7, the mode shifts from ca. 0.045 in the 
pessimistic case to 0.03 kg CO2 eq. in the optimistic case, an impressive potential for 
impact reduction of 33%. After three iterations, the LCA model was simplified from 25 
underspecified factors to 15, without ignoring the remaining 10. Rather they were 
systematically assessed and then fixed at an average value, since their uncertainty was 
proven unimportant. Of the remaining 15 factors, it would now be justifiable to prioritize 3 
or 4 factors (panel lifetime and MOVPE process parameters).   

6.4.2. Feasibility and resources required 
One concern is whether applying all the steps of the framework is possible considering the 
time and resources typically allocated to such assessments. Fortunately, despite there 
being large theoretical work underpinning each step of the framework, the tools for 
implementation have been developed over time and can now be run in matters of minutes 
with average computational power.41 Compared to the effort typically invested in 
conventional ex-post assessments, the only step that may require significant additional 
time and data collection is the characterization of uncertainty with probability distributions. 
In practice, many information exchanges will and should take place between a 
sustainability practitioner and a technology developer. Framing these exchanges in the 
context of uncertainty as we have presented here will provide more structure to the 
conversations and optimize the learning process (for both the practitioner and the 
technology developer, as we have often observed in practice).  

Furthermore, the most time-consuming refinement is expected to happen during the 
second iteration, which will -after GSA- only consider a handful of uncertain factors in the 
model. The alternatives to our proposed approach could be equally or more time-
consuming, e.g., developing and communicating numerous ad-hoc scenarios or 
developing more detailed modelling such as process engineering upscaling for all 

Figure 6-7 Frequency distribution for climate change impact scores (in kg CO2 eq) of the emerging III-V/Si 
technology in three “sensitive scenarios”: with a short panel lifetime of 25 years (LT_pess), with a long panel 
lifetime of 35 years (LT_opt) and with an uncertain panel lifetime distributed according to the final model at 

the end of the R&D project. 
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uncertain parameters. Our framework ensures that the additional resources required by 
ex-ante are devoted to the things that matter.  

6.4.3. On subjective probability distributions 
Another concern is whether it is realistic, robust, and transparent to introduce largely 
subjective probability distributions that may cause some confusion about models’ 
operations and outputs. Here we argue that exactly the opposite is the case; the subjective 
assumptions are not only clearly stated but they are represented in a way that obeys the 
rules of probability. Their effects are systematically introduced, analysed and interpreted. 
Two types of subjective information are introduced in our framework when subjective 
distributions are used. First, the shape of the distribution (e.g., uniform, PERT, triangular) 
and second, the parameters of the distribution (e.g., min, max and mode). The case study 
offers a good example of how we introduced boundaries and realistic assumptions in the 
energy consumption of the MOVPE process. We chose a PERT distribution bounded by 
the maximum power loading, which is given by the best result achieved to date. This is 
reasonable as it was already established that the current consumption is not economically 
viable. The minimum is a very low value which resembles that of in-line tools used in high-
throughput production of commercial silicon cells which have 30 or more years advantage. 
For a conservative approach, we set the mode equal to the maximum. We could have 
chosen a triangular shape using this minimum and maximum boundaries. However, a 
PERT shape is more realistic in that increases in energy efficiency get more difficult with 
each subsequent attempt.  

This example shows how relevant and objective information which would be lost 
otherwise is included in the distribution. On the other hand, making no assumption is in 
many ways an assumption. For example, not attaching probability to different scenarios 
may well result in the unconscious attachment of equal probability to each scenario during 
the interpretation and/or decision-making phase.13 Interpretation and decision-making 
will necessarily involve probabilistic weighing, whether it is done by the practitioner or the 
decision-maker, consciously or unconsciously. Given the rigor introduced here, we 
advocate it is best to place probabilistic weighing as much as possible within the scope of 
the assessment itself. In addition to this, it must be recognized that ex-ante assessments 
must be conducted in a low-information environment. Therefore, all information available 
should be used, including beliefs, constraints and plausibilities that narrow the space for 
ambiguity.  

6.5. Conclusions 
The popular expression “you are only as strong as your weakest link” has great relevance 
in the context of ex-ante environmental assessments for safe and sustainable designs. If an 
element of an integrated model has a resolution far coarser than the rest, then there is a 
high chance that the benefits of increased precision in the rest of the model are lost. In the 
same way, if great effort is spent in modifying a factor that has only limited influence on 
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the environmental outcomes, then this effort is lost. Scenario analysis has proven to be a 
useful tool in ex-ante assessments; however, with the proposed framework we are pushing 
back against overreliance on scenario analysis without a previous and comprehensive 
sensitivity screening. Selecting scenarios to assess only based on preconceived notions 
may often result in that the compared scenarios are not significantly different therefore are 
not useful to act upon. This shifts an already stretched focus from decision-makers to 
aspects that are ultimately unimportant.  

Our framework successfully addresses this shortcoming with robust systematic and 
quantitative methods to support decision-making. It also offers a useful structure for the 
information exchange between environmental modellers and technology developers 
throughout the R&D process. Furthermore, it iteratively simplifies models by allowing non-
influential factors to be fixed. Less complex models will allow for clearer and more 
meaningful analysis, as well as communication and discussion of the findings amongst 
stakeholders.  

There are important improvements of the framework that may be of interest for ex-ante 
LCA and RA researchers to further develop. We particularly see two valuable future 
developments. First, the incorporation of multivariate Bayesian approaches which can 
allow inference on more complex or underspecified distributions. Second, the 
incorporation of strategies to deal with correlations between observations from lab/pilot 
test results. In combination, these two improvements could significantly strengthen the 
framework and broaden its applicability. 
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7.1. The role of early-stage environmental assessments 
Every four years, millions of American voters and keen observers abroad point their web 
browsers to the FiveThirtyEight website, one of the most successful platforms for 
monitoring and forecasting of presidential U.S. elections.1 Few events could be more 
influential to modern society since the second half of the 20th century, and Nate Silver (the 
site’s founder) rose to prominence by applying powerful statistical predictive models to 
the heated topic with unprecedented success. In perhaps the only enjoyable book ever 
written about probability and statistics, The Signal and The Noise: Why Many Predictions Fail 
– but Some Don’t, Silver -a strong advocate for Bayesian thinking- writes: 

Good innovators typically think very big and they think very small. New ideas are 
sometimes found in the most granular details of a problem where few others bother to look. 
And they are sometimes found when you are doing your most abstract and philosophical 
thinking, considering why the world is the way that it is and whether there might be an 
alternative to the dominant paradigm. Rarely can they be found in the temperate latitudes 
between these two spaces, where we spend 99 percent of our lives. The categorizations and 
approximations we make in the normal course of our lives are usually good enough to get 
by, but sometimes we let information that might give us a competitive advantage slip 
through the cracks. The key is to develop tools and habits so that you are more often 
looking for ideas and information in the right places-and in honing the skills required to 
harness them into W's (wins) and L's (losses) once you've found them.2  

If early-stage environmental assessments are to play a contributing role in technological 
innovation, we must look through the cracks and in the granular details that Silver points 
to. How can we do this then, in the face of overwhelming dearth of data, rapidly evolving 
technology designs and limited time to adjust and reinterpret our models? Perhaps the two 
most challenging aspects of the whole ex-ante safety and sustainability assessment exercise 
are model development and data collection. This gives four approaches to where/how to 
focus the limited knowledge-gathering resources at our disposal: 

a) Rapid screening, based on highly simplified models and limited data collection. This 
approach has often been the go-to for chemical safety of novel materials and 
various techniques such as read-across have been developed.3  

b) Keep models simple and focus the resources on improving data collection as much 
as possible. This has often been the approach of practitioners in the rising field of 
ex-ante LCA.4  

c) Accept uncertainty due to limited data and devote the resources to refine the 
models as much as possible.  

d) Only produce the assessments when the technology is fully developed, allowing for 
both models and data collection to be refined to the standard of conventional ex-
post assessments.  
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Approach (d) runs into the well-documented issues of the Pacing Problem5 and the 
Collingridge Dilemma6 which were discussed in the introductory chapter of this text. 
Approach (a) entails a high likelihood of producing meaningless results due to a 
combination both inadequate data and models. Furthermore, while it may be a suitable 
approach for chemicals which are developed much more rapidly than technological 
products or services7, it may fall short in the latter given the difficulty to apply techniques 
such as read-across to entire technological product systems. Approach (b) tries to improve 
on the data but will likely leave us with inadequate explanations if relevant cause-effect 
mechanisms are omitted. Approach (c) on the other hand, opens as many opportunities as 
possible to improve the technology’s design while there is still considerable room for trial 
and error. The more important role of the early-stage assessment is then that of an enabler 
rather than an arbitrator or judge. Approach (c) is very well suited to the task. 

7.2. New insights obtained in this work 
The five content chapters in this text underpin the perspective presented above and 
progressively lay the groundwork for an overarching methodological framework that takes 
important steps in a new direction for early-stage sustainability assessments. The insights 
obtained in each chapter are summarized below. As anticipated in the introductory 
chapter, these insights are methodological but also technical in that they contributed to a 
better understanding of the potential advantages and drawbacks of future large-scale 
III-V/silicon PV deployment.

§ What are the environmental hotspots in the emerging PV technologies landscape and what 
are the variabilities in the life cycle impacts?

Chapter 2 initiates with a high-level investigation of environmental hotspots in the 
emerging PV landscape. Which PV technologies are presenting comparative hotspots (vs. 
conventional c-Si PV) and why? A systematic review and meta-analysis of over LCA 
studies conducted in the past decade found that most hotspots for the emerging PV 
landscape were found in perovskite cells. While perovskite cells are perhaps the most 
promising alternative from a cost and energy security perspective, their short lifetime (due 
to poor stability of the perovskite layer) means increased material intensity and larger 
environmental drawbacks per kWh of electricity generated. The variabilities in the impacts 
reported across and within technology types were found to be large, spanning several 
orders of magnitude despite a considerable effort in harmonizing system boundaries and 
other aspects of the underlying LCA models. While PV technologies are typically classified 
according to the light-absorbing materials used in the cell, the choice of encapsulation, 
panel framing and other ancillary installation components were found to have a larger 
influence than the cell in many cases. It becomes evident that broad consideration must 
be given to fully installed PV systems if they are to be compared.  

§ What are the environmental impacts in the life cycle of III-V/silicon tandem PV modules
compared to conventional silicon modules and what are the key opportunities for
improvement?
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Chapter 3 developed an LCA model of the III-V/Si with a high granularity representation 
of the manufacturing processes and synthesis methods for all precursors in the III-V supply 
chain. The contribution analysis clearly highlighted the MOVPE power consumption and 
the silicon materials in the bottom cell as the most relevant contributors. From an LCA 
perspective, toxicity concerns regarding direct emissions of III-V materials during 
manufacturing and waste treatment do not appear to be relevant compared to the toxic 
emissions of fossil-based electricity generation. Thus, MOVPE power consumption is 
more relevant to toxic releases than the arsenic content of the III-V top cells. Evidently, 
reduction of power consumption during MOVPE is the most effective way to reduce most 
types of impacts. Alternatively, shifting background energy mixes to more renewable 
sources would greatly benefit PV deployment by making more advanced technologies 
such as III-V more competitive from an environmental standpoint.  

§ How can unresolved technological pathways in the development of III-V/silicon tandem 
modules be incorporated in environmental assessments? 

Chapter 4 built on the experience obtained in developing an LCA model and addressed 
one of the main challenges/sources of uncertainty encountered: the numerous pathways 
(resulting from all possible design choices) that the technology could take as it evolved 
through its Technology Readiness Level (TRL) journey. The proposed solution was to 
combine all possible pathways in a single product system, represented by the 
corresponding (groups of) unit process(es) which would be triggered stochastically 
according to their chances of success. The realization that uncertainties of a very different 
nature than the ones usually accounted for in LCA (e.g., in flow quantities) can also be 
parametrized and jointly propagated revealed the potential of combined uncertainty 
analysis and global sensitivity analysis to deal with the numerous and diverse types of 
uncertainty encountered in ex-ante/prospective assessments. This was then picked up and 
fully developed in Chapter 6.  

§ What are the potential ecological risks introduced by III-V/silicon tandem modules 
throughout their life cycles? 

Chapter 5 is developed following the realization that numerous cause-effect chains must 
be considered to link adoption of a technology with environmental outcomes, and that 
there will be equally numerous uncertainties. An LCA model calculates numerous 
indicators for a fixed unitary demand (the functional unit). Risk assessment models 
calculate endpoint indicators for a given emission. A gap needs to be filled to connect 
technological uptake with actual emissions. This is achieved by integrating PV demand 
scenarios at different spatial scales with a risk assessment model for emissions in the life 
cycle of the III-V/Si panels manufactured, installed and discarded in these scenarios. Time 
is also an important consideration, given the delayed migration of metals and metalloids 
in the environment (typically in the order of tens or hundreds of years). The only way to 
appropriately answer this question in a prospective way was to develop a fully integrated 
probabilistic and dynamic demand-emissions-fate model. Such a model is unprecedented 
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for emerging PV technologies (and other consumer technologies as far as we are aware). 
Within each scale, a very wide spectrum of possibilities was considered, represented in 
more than one-hundred uncertain/variable parameters describing processes in the 
emissions and fate modelling during all relevant life cycle stages.  

§ How can uncertainty analysis and global sensitivity analysis be used to prioritize research
directions towards safer and more sustainable design of III-V/silicon tandem
technologies?

The probabilistic framework that gradually emerged from the previous chapters and took 
full shape in Chapter 6 is largely based on combined uncertainty analysis and global 
sensitivity analysis. This powerful combination provides solutions at different levels for the 
data limitations and concomitant uncertainty issues in the ex-ante problem. First and 
foremost, it fully reveals the uncertainties by characterizing them in a systematic and 
cohesive way, making any ensuing investigations/discussions more transparent. Second, 
it prevents the modelling effort from shying away from greater resolution or more complex 
representation of cause-effect chains in fear of missing data. Third, it allows focusing on 
the most relevant uncertain factors for refining further research: a valuable recourse given 
the time and resource constraints already discussed. This is in essence the so-called factor 
fixing for model simplification described by Saltelli et al.8. Here we stress that, in contrast 
to strategy (b) of Section 7.1, models are simplified in a way that does not significantly 
affect the outcomes of interest (e.g., risk or impact indicators), rather than in an arbitrary 
or ad-hoc manner with no prior knowledge of factor importance. Finally, but no less 
importantly, experience proved the framework equally useful in facilitating 
communication between stakeholders with very different backgrounds and different ways 
of understanding and dealing with uncertainties in their own domain expertise. 

As a result, over a four-year period, the studied III-V/Si technology evolved from a highly 
undetermined system to a system with reduced uncertainty and a much better outlook 
regarding environmental performance. These are perhaps the two most important 
outcomes that can be achieved with an early-stage assessment. Throughout the course of 
the III-V/Si case study, concrete design choices such as laser-sintered copper 
metallization over other alternatives shifted the indicators of interest (e.g., LCA impact 
scores, risk quotients) significantly in the desired direction. Moreover, application of the 
framework revealed the boundary where additional design improvements by technology 
developers reach their effectiveness limits, i.e. diminishing returns. At this point, efforts 
from other actors in the technology’s value chain such as consumers and end-of-life 
service providers can have a larger positive influence on the environmental performance 
of the technological system.  

7.3. Limitations and future research directions 
A limitation of this work is that the methods used were developed in parallel to the R&D 
program for the III-V/Si technology which was ongoing9. This meant that not all the right 
questions were asked to key stakeholders such as technology developers and other 
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relevant actors in the supply chain from the beginning. It also meant that several aspects 
of the III-V/Si technological system were not fully fitted to the framework, even though 
they would have provided ideal testing grounds. Such is the case of probability 
distributions of technological parameters used in the models, which could have been 
obtained from more structured expert elicitation protocols as suggested in Chapter 6. The 
opportunity is now ripe to apply the framework from the beginning of an R&D program to 
fully demonstrate its strength.  

Another limitation is that substantial interdisciplinary work is required to build and apply 
the underlying models. This knowledge may not always be available and will likely go 
beyond that of a single LCA or Risk Assessment practitioner. A close collaboration 
between practictioners and technology developers starting from the lower TRL levels is 
very beneficial (if not a necessity) in this respect, and is largely what made this III-V/Si PV 
case study possible. It must also be reckoned that the time invested in the III-V/Si LCA 
and risk assessments here presented was more than would be available for typical R&D 
projects. However, this included considerable time invested in methods development and 
this work has provided an important step forward by integrating concepts and developing 
software tools that can easily be adapted to case studies from other technological domains. 
This greatly reduces the amount of research that will be required for new case studies, 
allowing practitioners to focus much more on the specifics of their technology.  

Additional work can be done in this front to further facilitate implementation by modellers 
and minimize coding requirements, e.g., using Shiny interfaces for the R scripts and 
improving the coupling of macro-enabled Microsoft Excel spreadsheets with R in the 
probabilistic dynamic risk assessment model of Chapter 5. On the LCA side, recently 
published work10 associated to this thesis developed algorithms and a. user interface for 
applying the GSA methods proposed in Chapter 4 in a much more efficient way, but there 
is still room for improvement on visualization and interpretation of the GSA results.    

Further work can also be done to strengthen the conceptual power and applicability of the 
framework. New case studies can help to demonstrate the applicability of Bayesian 
probabilities and expert elicitation protocols which can fully incorporate all kinds of scarce 
and diverse data that becomes available. Subsequent iterations of the assessments as the 
technology advances from low TRL to market-readiness may provide opportunities to 
conduct Bayesian inference which would make parameter estimation more robust. This 
can also lead to greater consensus amongst experts in elicitation processes. This 
framework may also serve as a bridge to machine learning, although the importance of 
model over data must be stressed. Machine learning is reliant on data and produces data 
rather than explanations. To guide safe and sustainable innovation, explanations are 
needed. That is, we need to understand the factors that matter in the technological system 
(and beyond), their relationships, how they can be influenced and how their changes reflect 
on different environmental impact and risk indicators. 
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7.4. Policy and societal implications 
The story of a research & development (R&D) program is a story about uncertainty. While 
uncertainty may be uncomfortable -an inconvenience- for modelers, technology developers, 
decision-makers and their stakeholders, it is an unavoidable and central aspect of 
innovation. Yet we must not allow it to be paralysing. This work offers an upside to the 
‘inconvenience’ in that it can be an important source of opportunities for safer and more 
sustainable designs. A deep body of work has already been developed to analyse 
uncertainty in natural sciences as well as finance, economics and engineering. Very 
sophisticated methods, more recently including machine learning and artificial intelligence, 
are now being introduced in these fields, helping the technological and economic 
dimensions of technology advance at ever larger strides. Safety and sustainability 
assessment cannot fall behind; if anything, it must stay ahead. 

Of course, there is an underlying call for non-technical audiences -especially key 
decisionmakers and policymakers- to become more comfortable with the language of 
uncertainty and (global!) sensitivity. At the same time, our technical assessments must be 
better at interpreting and communicating these aspects. But the key message that emerges 
from this work is that existing uncertainties -about both positive and negative outcomes- 
must compel us to find a right balance between avoiding risks and hindering technological 
development that could have otherwise offered unforeseen societal benefits.  
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Table A.1-2 Conversion factors for LCA impact category indicators 

LLCCIIAA  
mmeetthhoodd  

VVeerrssiioonn  IImmppaacctt  ccaatteeggoorryy  IInnddiiccaattoorr  
uunniitt  

CCoonnvveerrssiioonn  
ffaaccttoorr  

RReessuullttiinngg  
IILLCCDD  

iinnddiiccaattoorr  uunniitt  
CED 

 
Cumulative Energy Demand CED 1 MJ 

CML 2014 Abiotic Depletion Potential CML-ADP 1 kg Sb eq 
CML 2014 Abiotic Depletion Potential CML-ADPf 

 
MJ 

CML 2014 Acidification potential CML-AP 1.19 kg SO2 eq 
CML 2014 Climate change CML-CC 1 kg CO2 eq 
CML 2014 Eutrophication potential CML-EP 0.28 kg PO4 eq 
CML 2014 Freshwater aquatic ecotoxicity 

potential 
CML-

FAETP 
42.15 kg 1,4 DB eq 

CML 2014 Human toxicity potential CML-HTP   kg 1,4 DB eq 
CML 2014 Land Use CML-LU 

 
m2.y 

CML 2014 Marine aquatic ecotoxicity 
potential 

CML-
MAETP 

  kg 1,4 DB eq 

CML 2014 Ozone depletion potential CML-ODP 1 kg CFC-11 eq 
CML 2014 Photochemical oxidation 

potential 
CML-
POCP 

10.86 kg C2H4 eq 

CML 2014 Terrestrial ecotoxicity 
potential 

CML-
TETP 

 
kg 1,4 DB eq 

CML 2014 Water depletion potential CML-WDP 1 m3 water 
EPBT 

 
Energy payback time EPBT 1 years 

ILCD 2011 Resource use, minerals and 
metals  

ILCD-ADP 1 kg Sb eq 

ILCD 2011 Acidification ILCD-AP 1 molc H+ eq 
ILCD 2011 Climate change ILCD-CC 1 kg CO2 eq 
ILCD 2011 Freshwater ecotoxicity ILCD-FET 1 CTUe 
ILCD 2011 Freshwater eutrophication ILCD-FEU 1 kg P eq 
ILCD 2011 Human toxicity potential - 

cancer effects 
ILCD-

HT_CE 
1 CTUh,c 

ILCD 2011 Human toxicity potential - non 
cancer effects 

ILCD-
HT_NCE 

1 CTUh,nc 

ILCD 2011 Ionizing radiation ILCD-IR 1 kBq U235 eq 
ILCD 2011 Marine eutrophication ILCD-

MEUP 
1 kg N 

ILCD 2011 Ozone depletion ILCD-ODP 1 kg CFC-11 eq 
ILCD 2011 Respiratory inorganics ILCD-PM 1 kg PM2.5 eq 
ILCD 2011 Photochemical ozone 

formation 
ILCD-
POCP 

1 kg NMVOC 
eq 

ILCD 2011 Terrestrial eutrophication ILCD-
TEUP 

1 mol N eq 

ILCD 2011 Water resource depletion ILCD-
WRD 

1 m3 water 

Impact 
2002+ 

2011 Aquatic acidification  IM2-AC 1.21 kg SO2 eq 

Impact 
2002+ 
 

 
 

2011 Climate change 
 

 
 

IM2-CC 1 kg CO2 eq 
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Impact 
2002+ 

2011 Ozone layer depletion 
 
 

IM2-OD 1 kg CFC-11 eq 

Impact 
2002+ 

2011 Terrestrial ecotoxicity IM2-TE 
 

kg TEG eq 

Recipe 2008 Agricultural land occupation R8-
ALO(H) 

  m2.y 

Recipe 2008 Climate change (H) R8-CC(H) 1 kg CO2 eq 
Recipe 2008 Fossil depletion R8-FD(H)   MJ 
Recipe 2008 Freshwater ecotoxicity (H) R8-FET(H) 544.78 kg 1,4 DB eq 
Recipe 2008 Freshwater eutrophication 

potential 
R8-FEU(H) 1 kg P eq 

Recipe 2008 Human toxicity (H) R8-HT(H) 
 

kg 1,4 DB eq 
Recipe 2008 Ionising radiation R8-IR(H) 1 kBq U235 
Recipe 2008 Marine ecotoxicity (H) R8-

MET(H) 

 
kg 1,4 DB eq 

Recipe 2008 Marine eutrophication 
potential 

R8-
MEU(H) 

2.76 kg N eq 

Recipe 2008 Mineral resource depletion R8-
MRD(H) 

1.66E-06 kg Fe eq 

Recipe 2008 Natural land transformation R8-NLT(H)   m2 
Recipe 2008 Ozone depletion (H) R8-OD(H) 1 kg CFC-11 eq 
Recipe 2008 Particulate matter R8-

PMF(H) 
0.28 kg PM10 eq 

Recipe 2008 Photochemical oxidant 
formation 

R8-POF(H) 1 kg NMVOC 
eq 

Recipe 2008 Terrestrial acidification R8-TA(H) 1.32 kg SO2 eq 
Recipe 2008 Terrestrial ecotoxicity (H) R8-TET(H) 

 
kg 1,4 DB eq 

Recipe 2008 Urban land occupation  R8-
ULO(H) 

  m2.y 

Recipe 2008 Water depletion  R8-WD(H) 1 m3 water 
TRACI v2.1 Acidification TR-AC 1.21 kg SO2 eq 
TRACI v2.1 Climate change TR-CC 1 kg CO2 eq 
TRACI v2.1 Ecotoxicity TR-ET 1 CTUe 
TRACI v2.1 Eutrophication TR-EU 0.13 kg N 

 

Table A.1-3 Pearson’s correlations for impact as a function of year for each cell type 

IImmppaacctt  CCaatteeggoorryy  CCeellll  ttyyppee  PPeeaarrssoonn’’ss  
CCoorrrreellaattiioonn  
((IImmppaacctt  ==  

ff((YYeeaarr))))  

NNuummbbeerr  ooff  
oobbsseerrvvaattiioonnss  

CTUe Organic -0.35 7 
CTUe Perovskite -0.20 19 
CTUe Silicon NA 10 
CTUe Tandem 0.31 20 
CTUe Thin Film (Chalcogenide) -0.84 6 
CTUh,c Organic NA 2 
CTUh,c Perovskite -0.07 10 
CTUh,c Silicon NA 6 
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CTUh,c Tandem -0.04 17 
CTUh,c Thin Film (Chalcogenide) -0.13 4 
CTUh,nc Organic NA 2 
CTUh,nc Perovskite 0.01 19 
CTUh,nc Silicon NA 6 
CTUh,nc Tandem -0.14 17 
CTUh,nc Thin Film (Chalcogenide) -0.12 4 
kBq U235 eq Organic NA 3 
kBq U235 eq Perovskite 0.82 4 
kBq U235 eq Tandem 0.66 5 
kBq U235 eq Thin Film (Chalcogenide) 1.00 2 
kg CFC-11 eq Organic 0.59 5 
kg CFC-11 eq Perovskite 0.15 9 
kg CFC-11 eq Silicon NA 6 
kg CFC-11 eq Tandem -0.56 11 
kg CFC-11 eq Thin Film (Chalcogenide) -0.44 9 
kg CO2 eq Dye-sensitized NA 3 
kg CO2 eq Organic -0.28 10 
kg CO2 eq Perovskite -0.07 21 
kg CO2 eq Quantum Dot NA 1 
kg CO2 eq Silicon -0.27 14 
kg CO2 eq Tandem 0.05 28 
kg CO2 eq Thin Film (Chalcogenide) -0.33 13 
kg CO2 eq Thin Film (Si) -0.84 5 
kg N eq Organic NA 3 
kg N eq Perovskite 0.94 6 
kg N eq Tandem 0.93 5 
kg NMVOC eq Organic 0.54 5 
kg NMVOC eq Perovskite 0.44 9 
kg NMVOC eq Silicon NA 4 
kg NMVOC eq Tandem 0.64 11 
kg NMVOC eq Thin Film (Chalcogenide) -0.95 5 
kg P eq Organic 0.49 5 
kg P eq Perovskite 0.37 15 
kg P eq Silicon NA 10 
kg P eq Tandem 0.34 20 
kg P eq Thin Film (Chalcogenide) 0.68 5 
kg PM2.5 eq Organic 0.51 5 
kg PM2.5 eq Perovskite 0.26 9 
kg PM2.5 eq Tandem 0.59 9 
kg PM2.5 eq Thin Film (Chalcogenide) 0.23 4 
kg Sb eq Organic NA 3 
kg Sb eq Perovskite -0.22 16 
kg Sb eq Silicon NA 10 
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kg Sb eq Tandem 0.78 14 
kg Sb eq Thin Film (Chalcogenide) 0.53 3 
m3 water Organic NA 3 
m3 water Perovskite -0.92 7 
m3 water Tandem -1.00 3 
m3 water Thin Film (Chalcogenide) NA 2 
MJ Dye-sensitized NA 3 
MJ Organic -0.84 7 
MJ Perovskite -0.20 15 
MJ Quantum Dot NA 1 
MJ Silicon NA 2 
MJ Tandem NA 2 
MJ Thin Film (Chalcogenide) 0.60 5 
MJ Thin Film (Si) NA 1 
mol N eq Tandem 0.81 4 
mol N eq Thin Film (Chalcogenide) NA 1 
molc H+ eq Organic 0.52 5 
molc H+ eq Perovskite -0.18 12 
molc H+ eq Quantum Dot NA 1 
molc H+ eq Silicon NA 6 
molc H+ eq Tandem 0.54 11 
molc H+ eq Thin Film (Chalcogenide) 0.31 10 
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Figure A.1-1 Identification, screening, selection and harmonization procedure flowchart 
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Figure A.1-1 Random effect model results sub-grouped by cell conversion efficiencies. 
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A.2. Supplementary Information to Chapter 3 

A.2.1. System flowcharts and boundaries 

 

 

Figure A.2-1 System flowchart for Concept A (direct growth, bottom) and Concept B (bonding, top). UP = 
Ultrapure 
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A.2.2. Life-cycle inventories: process descriptions and input/output data 

A.2.2.1. Overview and general assumptions 

Most of the foreground processes are sensitive to the wafer area that can be processed 
per run since materials and energy consumption scale proportionally with the treatable 
wafer area. We based our models on the use of a large MOVPE reactor prototype designed 
by AIXTRON, which can handle a run of 31 round 4-inch wafers. We assumed that all 
other processing steps would handle wafers of the same area. 

We also note that some lab-based processes described below have been modelled 
considering only process inputs, while waste emissions have not been fully characterized. 
The characterization of waste streams and emissions is more relevant in industrial-scale 
implementations where recycling and reuse take a central role and differ significantly from 
waste management in a lab environment. However, based on extrapolation from similar 
processes, it is likely that these emissions would only have relatively minor contributions 
to the life cycle impacts of the electricity generation process.  

A.2.2.2. Silicon wafer preparation 

Table A.2-1 Process inputs and outputs for silicon wafer preparation 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

CZ single-Si wafer  Eco 100 units TopSil, personal communication 
HF  Eco 0.3 L TopSil, personal communication 
HNO3  Eco 1.6 L TopSil, personal communication 
HC2H2O2  Eco 0.1 L TopSil, personal communication 
Treatment of wastewater from 
PV cell production  

Eco 2 L TopSil, personal communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Polished Si wafer  Eco 100 units TopSil, personal communication 

A.2.2.3. Ion implantation (p-n junction) 

Table A.2-2. Process inputs and outputs for ion implantation 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Phosphine (PH3) Eco 3.4 g Fraunhofer, personal communication 
Boron trifluoride (BF3) Eco 3.4 g Fraunhofer, personal communication 
Ultrapure nitrogen (N2) Eco 14 m3 Fraunhofer, personal communication 
Cooling water Eco 5 m3 Fraunhofer, personal communication 
Electricity, high voltage Eco 100 kWh Fraunhofer, personal communication 
Compressed air Eco 15 m3 Fraunhofer, personal communication 
Hazardous waste incineration Eco 0.009 kg Calculated 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Doped wafer area (3400 
wafers) 

Eco 26.69 m2 Fraunhofer, personal communication 
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A.2.2.4. Tube furnace annealing – high temperature 

We assumed the use of a 4.2kW power furnace which can handle 100 wafers per batch. 
The wafers cannot be inserted at 1000°C; this must be done at <400°C, and then the 
temperature is ramped up at a rate of 10°C per minute. The annealing time is 1 hour at 
1000°C and the temperature is then ramped down for removal of the wafers. We assume 
a worst-case scenario where the furnace operates at full power during ramp up and 
processing time. We assume no power is consumed during ramp-down. Annealing is 
conducted in an inert environment of ultrapure nitrogen, which flows at a rate of 30 SLM 
(standard litres per minute) during insertion and removal, and 15 SLM during annealing.  

Table A.2-3. Process inputs and outputs for high temperature tube furnace annealing 

FFllooww  ttyyppee  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Ultrapure nitrogen Eco 0.9 m3 AZUR, personal communication 
Electricity Eco 10.668 kWh Calculated 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Annealing of 1 m2 of cell Eco 1 unit Calculated 

A.2.2.5. Atomic layer deposition (ALD) 

This step considers the deposition of a 10nm film of Al2O3 on the rear side. Process data 
for this step is based on Louwen et al.83, who reviewed various specifications and found 
average electricity use to be 0.29 kWh/m2, with values ranging 0.15 to 0.51 kWh/m2 
(−48% to +76%). No materials input data and output data were available for this step. 

A.2.2.6. Back-side passivation 

Back-side passivation is conducted by plasma-enhanced chemical vapour deposition 
(PECVD) of a SiNx layer.  

Table A.2-4.  Energy and material inputs and outputs for PECVD back-side passivation 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Electricity    Eco 39,93 Wh Fraunhofer, personal communication 
Cooling water         Eco 5,27 L Fraunhofer, personal communication 
Nitrogen Eco 12,57 L Fraunhofer, personal communication 
Compressed dry air Eco 5,02 L Fraunhofer, personal communication 
Silane (SiH4) Eco 0,03 L Fraunhofer, personal communication 
NH3 Eco 0,06 L Fraunhofer, personal communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Back-side passivation of 1 cell Eco 1 unit Fraunhofer, personal communication 
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A.2.2.7. III-V Metalorganic Vapor Phase Epitaxy (MOVPE) 

Table A.2-5.  Process inputs and outputs for MOVPE III-V direct growth 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

TMGa Eco 11.48 g Aixtron, personal communication 
TMIn Eco 0.1 g Aixtron, personal communication 
TMAl Eco 0.17 g Aixtron, personal communication 
AsH3 Eco 11.76 g Aixtron, personal communication 
PH3 Eco 17.84 g Aixtron, personal communication 
H2 Eco 3.34 m3 Aixtron, personal communication 
N2 Eco 3.44 m3 Aixtron, personal communication 
Cooling water Eco 27.51 m3 Aixtron, personal communication 
Electricity Eco 105.06 kWh Aixtron, personal communication 
Hazardous  waste treatment Eco 0.035 kg Calculated 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

III-V layer area Eco 2905 cm2 Aixtron, personal communication 

A.2.2.8. Front metal contacts 

We based our model on a “seed and plate” metallization technique, which involves 
nanoink printing of a seed layer of fingers, then electroplating to increase the thickness of 
the fingers. Conventional screen-printing methods are considered for 3 busbars that cross 
the fingers.  

A.2.2.8.1. Seed layer (nano) inkjet printing 

Materials: The pattern to be printed on the cells for the seed layer consists of 6 fingers 2 
mm wide, 75 mm long and 0.1 µm thick (height) on average.  The total quantity of nanoink 
required is calculated by the total volume of this pattern multiplied by the density of the 
nanoink (reported by the manufacturer). To this quantity, we added 10% to account for 
ink that remains in the filter and is discarded as hazardous waste. Therefore, we have the 
following inputs, per cell: 

  # fingers   Finger width        Finger length          Finger thickness  Ink density Loss factor (Eq. A.2-1) 

6 ∙ (2 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (75 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (0.1𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 1.27𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 1.25𝐸𝐸 − 7 𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖𝑘𝑘

Printer electricity. A sample tested at Joanneum Research Center facilities was 
approximately 10 cm. long and took 5 minutes to print, with only 2 nozzles in use out of a 
total possible of 210. We estimated the printing speed as: 

10 𝑐𝑐𝑚𝑚
5 𝑚𝑚𝑖𝑖𝑖𝑖 ∙ 210 𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

2 𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ∙ 60 𝑚𝑚𝑖𝑖𝑖𝑖
1 ℎ ∙ 1 𝑚𝑚

100 𝑐𝑐𝑚𝑚 = 126 𝑚𝑚
ℎ  (Eq. A.2-2) 

The total length of the 6 printed fingers is 0.45 m, and the printer has a maximum power 
rating of 1kW. We assume it operates at 75% power on average. To calculate electricity 
consumption of the printing process (per cell) we have: 
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0.45 𝑚𝑚 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 1 ℎ

126 𝑚𝑚 ∙ 1 𝑘𝑘𝑘𝑘 ∙ 75% = 0.027 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-3) 

A.2.2.8.2. Seed layer sintering: laser 

Laser electricity: The length of the pattern that has to be sintered is calculated from the 
data in the previous section (0.45 m). We used a laser scan speed of 0.01 m/s, and the 
optical power delivered by the laser is 1.4 W. The wall-plug to optical efficiency of YAG 
type lasers is typically around 25%84, so we estimate the electricity consumption for laser 
sintering as: 

0.45 𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑠𝑠

0.01 𝑚𝑚 ∙ 1 ℎ
3600 𝑠𝑠 ∙ 1.4𝐸𝐸 − 3 𝑘𝑘𝑘𝑘 ∙ 1

25% = 5.6𝐸𝐸 − 5 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-4) 

Materials: Laser-sintering of both Cu and Ag ink is done in open air. 

Table A.2-6.  Process inputs and outputs for seed-layer inkjet printing 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Cu nanoink Eco 1.25E-7 kg Joanneum, personal communication 
Electricity Eco 0.0271 kWh Joanneum, personal communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Finger seed layers for 1 cell Eco 1 unit Joanneum, personal communication 

A.2.2.8.3. Seed layer sintering: chemical (Cu ink only) 

Sintering of Cu ink requires a reducing environment, while Ag ink can be sintered in open 
air. For the Cu ink, a sintering test was conducted at Joanneum Research Center facilities, 
where for a 1cm2 sample 5 mL of ethanol (3.95 g @ 789g/L), 50 mL formic acid, and 70 L 
of ultrapure nitrogen were required. 

A.2.2.8.4. Fingers electroplating 

Electroplating consists of submerging the cell with the seed pattern in an electrolyte bath, 
where the patterned cell will serve as an ion-receiving cathode and a copper in the solution 
will serve as an anode. For copper, the electrolyte solution consists of a mix of cupric 
sulphate and sulphuric acid. Driving an electric current through the solution will force the 
metallic ions from the cathode to deposit on the seed pattern until the desired geometry 
is obtained.  

Electricity: A conventional electroplating setup is used, where 10 mA of applied current 
with an average voltage of 0.5 V provides 250 nm of plating per minute. The electrical 
power can be calculated from the current and voltage: 

𝑃𝑃 = 𝐼𝐼 ∙ 𝑉𝑉 = (10 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1000 𝑚𝑚𝑚𝑚) ∙ (0.5 𝑉𝑉) = 5𝐸𝐸 − 3 𝑘𝑘 = 5𝐸𝐸 − 6 𝑘𝑘𝑘𝑘 (Eq. A.2-5) 

The amount of electricity consumed is calculated by multiplying the power by the time 
required to plate the desired finger thickness of 12.5µm. 
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5𝐸𝐸 − 6 𝑘𝑘𝑘𝑘
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 1 𝑚𝑚𝑚𝑚𝑚𝑚

0.25 𝜇𝜇𝑚𝑚 ∙ 12.5 𝜇𝜇𝑚𝑚 ∙ 1 ℎ
60 𝑚𝑚𝑚𝑚𝑚𝑚 = 4.16𝐸𝐸 − 6 𝑘𝑘𝑘𝑘ℎ

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-6) 

Materials: Pure metal anodes donate the ions that ultimately deposit on the pattern 
(cathode). The ions are first passed from the electrolyte solution to the cathode, and are 
then replenished from the anode to the solution. Therefore, the anode is sacrificed 
according to the amount of metal deposited in the cell, and we assume 10% losses. 

  (Eq. A.2-7) 

𝐶𝐶𝐶𝐶:   6 ∙ (2 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (75 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (12.4 𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 8.96𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 1.09𝐸𝐸 − 4 𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶 

We consider a standard cupric sulphate electrolyte solution that consists of 200 g cupric 
sulphate and 25 mL sulphuric acid in sufficient deionized water to prepare 1 L of 
electrolyte solution. This amount of solution is used for electroplating on one cell; 
however, we consider that it can be used for the production of 10-100 wafers based on lab 
experience, and test the sensitivity of this parameter.  

Table A.2-7.  Energy and material inputs and outputs for electroplating of fingers 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Copper Eco 1.09E-4 kg Joanneum, personal communication 
Electricity Eco 4.16E-6 kWh Joanneum, personal communication 
Electrolyte solution Eco 0.1 L Joanneum, personal communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Electroplating of 1 cell Eco 1 unit Joanneum, personal communication 

A.2.2.8.5. Busbars screen printing 

Screen printing electricity: We use data from a screen printer running a squeegee motor 
with a power of 1.16 kW. The printer can process a sheet of 400x400mm in 30 seconds. 

1 𝑐𝑐ℎ𝑐𝑐𝑐𝑐𝑒𝑒
4 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 1.16 𝑘𝑘𝑘𝑘 ∙ 30 𝑐𝑐 ∙ 1 ℎ

3600 𝑐𝑐 = 2.41𝐸𝐸 − 3 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-8) 

Curating electricity: Cu busbars are grown over the Cu fingers by screen-printing. 
However, instead of co-firing, the Cu busbars are curated at lower temperature (250°C) in 
an atmosphere of pure nitrogen85. This is done in a furnace that has a power rating of 3.4 
kW and can process 1000 cells per batch, for a curating time of 10 minutes.  

3.4 𝑘𝑘𝑘𝑘
1000 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 10 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 1 ℎ

60 𝑚𝑚𝑚𝑚𝑚𝑚 = 5.67𝐸𝐸 − 4 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-9) 

Materials: We consider 3 busbars, 1 mm wide, 156 mm long and 13.5 µm thick on average. 
We assume 10% losses from the paste during screen-printing. Per cell, we have: 

 (Eq. A.2-10) 

3 ∙ (1 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (156 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (13.5 𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 8.96𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 6.23𝐸𝐸 − 5 𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶 
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Table A.2-8.  Energy and material inputs and outputs for screen printing of busbars 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Copper Eco 6.23E-5 kg Joanneum, personal communication 
Electricity Eco 3E-3 kWh Joanneum, personal communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Screen printing of 1 cell Eco 1 unit Joanneum, personal communication 

A.2.2.9. Rear-side metal contacts 

Data for the rear-side metal contacts are taken from the inventories for existing single-Si 
PV cells (ecoinvent v3.4)86.  

A.2.2.10. Tube furnace annealing - low temperature 

The data for this process was calculated as for the high temperature annealing in section 
2.4; however we discard ramp up energy and gas flow requirements, since the cells can be 
inserted and removed at this lower process temperature (<400°C).  

A.2.2.11. Carrier gases 

A.2.2.11.1. Ultrapure hydrogen 

Two alternatives are considered for the supply of ultrahigh purity hydrogen: off-site source 
(commercially available hydrogen produced from Steam Methane Reforming) and on-site 
generation with a proton exchange membrane (PEM) system. In both alternatives, 
additional purification with a two-step adsorber/getter is considered. 

Off-site generation: Commercial H2 gas + adsorber/getter. Commercial production of 
hydrogen gas is modelled based on the steam methane reforming process (SMR), which 
accounts for over 90% of the world production. This production method was modelled in 
an LCA study by NREL87 and more recently by other authors88,89. We use the process data 
reported by Cetinkaya et al.89, which is in close accordance with figures reported by 
Mehmeti et al.88 The inputs required for generating electricity that is consumed in the SMR 
process are also included in the inventory.  

Table A.2-9.  Process inputs and outputs for production of hydrogen via steam methane reforming 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Concrete  Eco 5.26E-06 m3 Cetinkaya et al.89 
cast iron Eco 0.049 g Cetinkaya et al.89 
steel, low-alloyed  Eco 4.029 g Cetinkaya et al.89 
aluminium, cast alloy  Eco 0.033 g Cetinkaya et al.89 
water, deionised  Eco 19,776.2 g Cetinkaya et al.89 
natural gas;  44.1 MJ/kg  Env 165 MJ Cetinkaya et al.89 
Coal, hard, unspecify., in ground  Env 132.49 g Cetinkaya et al.89 
Oil, crude, in ground  Env 8.76 g Cetinkaya et al.89 
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OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Hydrogen  Eco 1 kg Cetinkaya et al.89 
 
The purifier (adsorber + getter) commercialized by SAES Gas handles a flow of 100 Nm3/h 
at an average power consumption of 26kW, therefore 0.26kWh/Nm3. It also consumes 60 
L/min of cooling water, therefore 0.036 m3 water/Nm3. In this case we include 
transportation from SMR plant to consumer, using the same values as for liquid hydrogen 
specified in EcoInvent v3.4.  

Table A.2-10.  Process inputs and outputs for purification of hydrogen 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Hydrogen  Eco 0.08988 kg SAES product spec sheet 
Electricity  Eco 0.26 kWh SAES product spec sheet 
Cooling water  Eco 0.036 m3 SAES product spec sheet 
transport, freight train  Eco 0.0004 t*km EcoInvent v3.4 
transport, freight, light 
commercial vehicle  

Eco 1.62E-05 t*km EcoInvent v3.4 

transport, freight, lorry, 
unspecified  

Eco 0.00051 t*km EcoInvent v3.4 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Ultrapure hydrogen  Eco 1 Nm3 SAES / Proton product spec sheets 
 
On-site generation: PEM on-site generator + adsorber/getter. The proton exchange membrane 
(PEM) generator commercialized by Proton delivers 30 Nm3/hr, consuming 5.8 kWh / 
Nm3 on average. (For consistency check, we compare with Mehmeti et al.88 who 
separately report a consumption of 54.6 kWh/kgH2 = 4.5 kWh/Nm3. Balahi et al.90 report 
a consumption of 4.775 kWh/Nm3). The Proton PEM generator also requires 26.9 L/h of 
deionized water per hour and 167 L/min coolant. The purifier (adsorber + getter) 
commercialized by SAES Gas handles a flow of 100 Nm3/h at an average power 
consumption of 26kW, therefore 0.26kWh/Nm3. It also consumes 60 L/min of cooling 
water, therefore 0.036 m3 water/Nm3. Data for the combined processes is presented in 
Table A.2-11. 

Table A.2-11.  Process inputs and outputs for onsite generation and purification of hydrogen 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Electricity Eco 6.022 kWh SAES / Proton product spec sheets 
DI water Eco 0.897 kg Proton product spec sheet 
Cooling water Eco 0.34 m3 SAES product spec sheet 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Ultrapure hydrogen Eco 1 Nm3 SAES / Proton product spec sheets 
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A.2.2.11.2.  Ultrapure nitrogen 

We consider the use of commercially available liquid nitrogen, which is produced via 
cryogenic air separation and delivered to consumers in the European market as per 
EcoInvent v3.4.86 Although the nitrogen produced via this method is of high purity 
(99.9999%), we consider additional purification on-site using data for a commercially 
available SAES purifier. 

Table A.2-12.  Process inputs and outputs for purification of nitrogen for MOVPE application  

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Nitrogen Eco 1.25 kg EcoInvent v3.4 
Electricity Eco 3.3E-4 

kWh 
SAES product spec sheet 

Cooling water Eco 6.4E-4 m3 
OOuuttppuutt  FFllooww  

ttyyppee  
QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Ultrapure nitrogen Eco 1 Nm3 SAES product spec sheets 

A.2.2.11.3. Hydride gases 

Hydride gases arsine and phosphine were taken directly from the EcoInvent v3.4 
database.86 It is known that further purification may be required to reduce acids and 
humidity that result from cylinder use, and this can be achieved by commercially available 
purifiers that use an adsorbent medium. However, no specific data for this purification 
process was available at the time of this report. It is flagged, however, as an important 
follow-up area due to the potential generation of significant amounts of hazardous waste 
in the form of adsorbent media.  

A.2.2.12. Metalorganic precursors 

We used the input/output data for the synthesis of metalorganic precursors for III-V 
MOVPE reported by Smith et al. (2018)91.  

A.2.2.13. Scrubbing of MOVPE and ion implant exhaust gas 

We assumed dry scrubbing systems, in which the main component is an adsorbent 
granulate. Energy is only required to operate the equipment systems and monitors, but not 
for the reaction, therefore it was assumed negligible. Based on tests run at Fraunhofer ISE 
facilities, 17 kg of hydride gases (arsine or phosphine) from an MOVPE reactor were 
absorbed in 130 kg of granulate.  

Granulate composition is not disclosed by manufacturers, but a review of literature, 
patents, safety data sheets and technical brochures indicates that the industry is moving 
towards chemisorption by copper oxide catalyst impregnated on a supporting medium of 
alumina (Al2O3) or silicate (SiO2)92–95. Another option is the use of zeolite (a microporous 
aluminosilicate mineral) exchanged with a copper cation. After adsorption, the granulate 
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is collected and reprocessed externally into new copper for other industrial uses. No 
information could be found on intermediate processing steps. 

For the zeolite based adsorbent, we modelled the process described Wang and 
colleagues96 for the adsorption of arsine, which is similar to the process described by Li 
and colleagues97 for phosphine. We chose the best performing alternative presented by 
the authors, a copper-loaded zeolite, which is produced by impregnating the zeolite in a 
50 mL solution of copper II nitrate with a concentration of 0.2 mol/L Cu(NO3)2. Based on 
the preparation procedure reported by the authors, the inputs and outputs are: 

Table A.2-13.  Process inputs and outputs for purification of scrubbing of arsine and phosphine  

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zeolite adsorbent  Eco 7.65 kg Fraunhofer, personal communication 
Hazardous waste, for 
underground deposit  

Eco -8.65 kg Calculated as mass of adsorbent + 
mass of treated gas. 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

III-V waste gas treatment Eco -1 kg Fraunhofer, personal communication 
 

Table A.2-14.  Process inputs and outputs for production of copper zeolite adsorbent granulate 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zeolite powder  Eco 10 g Wang et al.96 
Copper II nitrate  Eco 2.95 g Wang et al.96. Based on molar mass of 

Cu(NO3)2. Authors report 10% Cu(II) 
content by weight in final adsorbent. 
Starting mass of zeolite is 10 g 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zeolite adsorbent Eco 12.95 g Wang et al.96. 

A.2.2.14. III-V MOVPE growth on GaAs substrate 

Table A.2-15.  Process inputs and outputs for MOVPE III-V growth on GaAs substrate 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

TMGa Eco 5.26 g Aixtron, personal communication 
TMIn Eco 1.23 g Aixtron, personal communication 
TMAl Eco 3.17 g Aixtron, personal communication 
AsH3 Eco 19.96 g Aixtron, personal communication 
PH3 Eco 4.15 g Aixtron, personal communication 
H2 Eco 0.93 m3 Aixtron, personal communication 
N2 Eco 2.24 m3 Aixtron, personal communication 
Cooling water Eco 17.89 m3 Aixtron, personal communication 
Electricity Eco 68.33 kWh Aixtron, personal communication 
Hazardous  waste treatment Eco 0.024 kg Calculated 
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OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

III-V layer area Eco 2905 cm2 Aixtron, personal communication 
 

A.2.2.15. Bonding 

The bonding process as described by Heitmann et al.98 requires 4 steps: HF clean, spray 
pyrolysis, adhesion and hot press. For the hot-press we used parameters from a 
commercial wafer bonding tool (https://www.suss.com/en/products-solutions/wafer-
bonder/sb6-sb8-gen2). The tool has a power rating of 4.2kW and can process up to 8 
wafers simultaneously. We assumed a bonding time of 20 minutes.   

Table A.2-16.  Process inputs and outputs for bonding 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

HF Eco 3.44 g Fraunhofer ISE, personal 
communication 

Spray pyrolysis solution Eco 120 mL Fraunhofer ISE, personal 
communication 

Electricity Eco 0.175 
kWh 

Fraunhofer ISE, personal 
communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Bonding of 1 III-V/Si cell Eco 1 unit  
Table A.2-17.  Process inputs and outputs for bonding of spray pyrolysis solution. 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zinc 2,4 pentanedione Eco 1.7 g Fraunhofer ISE, personal 
communication 

Methanol Eco 20.0 g Fraunhofer ISE, personal 
communication 

Indium trichloride Eco 1.32 g Fraunhofer ISE, personal 
communication 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Spray pyrolysis solution Eco 1 L  
 
There are several routes for the industrial synthesis of zinc 2,4 pentanedione (which is a 
metal acetylacetonate)99; we consider a reaction of the zinc chloride salt with 
acetylacetone and use stoichiometric calculations to estimate the amounts and assume 
10% losses.  

Table A.2-18.  Process inputs and outputs for preparation of zinc 2,4 pentadionate. 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Vinyl acetate Eco 0.22 kg  
Zinc chloride Eco 0.15 kg  
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OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zinc 2,4 pentanedione Eco 0.34 kg  
  

Table A.2-19.  Process inputs and outputs for synthesis of zinc chloride. 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Hydrochloric acid Eco 0.08  
Zinc Eco 0.07  

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Zinc chloride Eco 0.14  
 

A.2.2.16. Lift-off 

A.2.2.16.1. Laser lift-off 

For lift-off practiced on a 10x10mm sample, the total energy consumption of the laser 
equipment was measured at 0.002 kWh (we disregard power consumption during startup 
and shutdown, assuming a large number of cells can be processed continuously). To this, 
we add 0.04 kWh for the ventilation equipment, which must operate after processing on 
the GaAs sample for safety reasons. The laser stage has an area of 762 x 432 mm, so we 
assume that 70 x 40 samples can be ventilated at a given time. Extrapolating this linearly 
to a cell (area 78.3 cm2), we get a total of: 

( 0.002 𝑘𝑘𝑘𝑘ℎ
10 ×10 𝑚𝑚𝑚𝑚2 + 0.04 𝑘𝑘𝑘𝑘ℎ

70×40×10×10 𝑚𝑚𝑚𝑚2) ∙ 100 𝑚𝑚𝑚𝑚2

𝑐𝑐𝑚𝑚2 ∙ 78.3 𝑐𝑐𝑚𝑚2

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.16 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.2-11) 

A.2.2.16.2. Chemical lift-off 

To compare the laser lift-off with a chemical method, we modelled a wet chemical process 
used to etch the bonding layer. Based on projections for state of the arte wet-chemical 
etching system, we assumed a consumption of 1,25 ml of 50% HF etching solution per 
wafer. The recyclability of the etching solution is very high, therefore we disregarded the 
wastewater treatment from this process.  

A.2.2.17. GaAs substrate reuse and reclaim 

We assumed that the GaAs substrate can be reused 100 times. However, this requires 
periodical chemical-mechanical polishing (CMP) of the GaAs substrate100 which is done 
every 5 reuse cycles. We assume 98% process losses.  

Table A.2-20.  Process inputs and outputs for reclaiming of GaAs substrate 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

CMP slurry Eco 0.2 L Matovu et al.100 
electricity Eco 2 kWh  
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OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Reclaim of 1 GaAs substrate Eco 1 unit  
 
Table A.2-21. Energy and material inputs and outputs for CMP slurry 

IInnppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

Activated silica Eco 100 g Matovu et al.100 
Hydrogen peroxide Eco 33.33 g Matovu et al.100 
Water, deionised  866.67 g Matovu et al.100 

OOuuttppuutt  FFllooww  
ttyyppee  

QQuuaannttiittyy  DDaattaa  ssoouurrccee  

CMP slurry Eco 1 L  

A.2.2.18. III-V/Si PV electricity generation 

The III-V/Si cells can be a drop-in replacement for commercially available single-Si PV 
systems. To make all infrastructure and BOS components equal in the III-V/Si and single-
Si systems, we duplicated the ecoinvent (v3.4) process for generation of 1 kWh from a 
roof-mounted installation. We then replaced the single-Si cell for the III-V cell in the panel 
which was supplied to the installation, using the same cell area. The area of cell required 
to generate a given amount of electricity is inversely proportional to the conversion 
efficiency of the cell, so we applied the increased efficiency factor to the electricity output 
of the III-V/Si plant. The efficiency of the single-Si module in ecoinvent is 15.4%, and for 
the III-V/Si module is 30%, giving a conversion factor of (0.3/0.154) = 2.22. We applied 
this directly to the output of the III-V/Si installation, where instead of generating 1kWh it 
would generate 2.22 kWh with the same ancillary infrastructure and BOS components.  
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A.2.3. Sensitivity analysis of technological improvements 

 

Figure A.2-2 Change in impact scores as a result of technological improvements. 2009: Reference data (2009) 
for silicon, module and BOS supply chains from ecoinvent v3.4; 2015: Updated IEA PVPS data (2015) for 

silicon, module and BOS supply chains; η: module efficiency; EMR.: Energy consumption for a single 
MOVPE run of 37 wafers (2905 cm2). 
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A.3. Supplementary information to Chapter 4 

A.3.1.  Implementation notes: Setting up an uncertain product system 
The Bernoulli and Categorical distributions are not available in the most commonly used 
LCA software packages. They can be implemented in MatLab (or Python, following similar 
algorithms) using the Binomial and Multinomial distributions, which are a general case of 
each. Section A.3.1.3 presents an alternative for implementation in publicly available 
software packages (e.g. OpenLCA, SimaPro, GaBi) that allow the use of uncertain user-
defined parameters and formulas.  

In the following code snippets, values in blue are examples, which can be replaced by the 
user according to their case. The code is designed for matrix-based LCA calculations as 
described by Heijungs and Suh101.  

A.3.1.1. Product system with two alternative, mutually exclusive processes: using the 
binomial distribution in MatLab.  

n = 1; 
 
x = 4088; 
y = 4089; 
z = 4090; 
 
fx = 2; 
fy = 4; 
 
Px = 0.3; 
 
T = binornd(n,Px); 
 
 
A(x,z) = fxT;  
A(y,z) = fy(1-T); 
 

Number of trials, always 1 
 
Column number for process X in the technology matrix 
Column number for process Y in the technology matrix 
Column number for process Z in the technology matrix 
 
Quantity of product from process X going to process Z 
Quantity of product from process Y going to process Z 
 
Probability of process X 
 
Random number from Binomial Distribution. Will give T a value 
of 1 depending on the probability Px.  
 
Multiply the flows in the technology matrix by the corresponding 
trigger value  

 

The corresponding function in Python to generate a random number from a binomial 
distribution, using the same variable designations as above is: 

numpy.random.binomial(n, Px, size=None) 
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A.3.1.2. Setting up a product system with three or more alternative, mutually exclusive 
processes: using the multinomial distribution in MatLab. 

n = 1; 
 
x = 4088; 
y = 4089; 
w = 4090; 
z = 4091; 
 
fx = 2; 
fy = 4; 
fw = 3; 
 
Px = 0.2; 
Py = 0.2; 
Pw = 0.6; 
 
p = [Px Py Pw]; 
 
T = mnrnd(n,p); 
 
 
 
A(x,z) = fxT(1); 
A(y,z) = fyT(2); 
A(w,z) = fwT(3); 

Number of trials, always 1 
 
Column number for process X in the technology matrix 
Column number for process Y in the technology matrix 
Column number for process W in the technology matrix 
Column number for process Z in the technology matrix 
 
Quantity of product from process X going to process Z 
Quantity of product from process Y going to process Z 
Quantity of product from process W going to process Z 
 
Probability of process X 
Probability of process Y 
Probability of process W 
 
Create vector with probabilities of each event 
 
Random number from Multinomial Distribution. Will create a 
random vector r equal to either [1 0 0], [0 1 0] or [0 0 1] based on 
the respective probabilities Px, Py and Pz. 
 
Multiply the flows in the technology matrix by the corresponding 
trigger value  

 
The corresponding function in Python to generate a random number from a multinomial 
distribution, using the same variable designations as above is: 

numpy.random.multinomial(n, p, size=None) 

A.3.1.3. Setting up a product system with two or more alternative, mutually exclusive 
processes. Using the round() function and user-defined (local) parameters in 
OpenLCA, SimaPro or GaBi. 

OpenLCA and SimaPro allow flow quantities to be entered as formulas rather than fixed 
numbers. These formulas contain parameters that can be uncertain, hence sampled 
randomly according to given probability distributions. For the case presented in section 
A.3.1.1 we can model this as: 

T = round(rand() + (0.5 – Px) (Eq. A.3-1) 

Alternatively, we can define a local parameter Pd which is has a uniform distribution with 
min: 0.5-Px and max: 1+0.5-Px. Then,  

T = round(Pd) (Eq. A.3-2)  

Then we can multiply the incoming flows from processes X and Y by the corresponding 
quantities, T and T-1. Note that in the equation above, rand() selects a uniformly distributed 
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value between 0 and 1, which will round to 0 on 50% of the cases and to 1 on the other 
50%. By adding 0.5 – Px, the random number will round to 0 on Px of the cases and to 1 
on 1-Px of the cases. 

The parameter(s) will be recalculated in each Monte Carlo run, making T adopt a value of 
1 or 0 according to the probability Px.  

If there are more than two competing unit processes for the same element of the 
technology’s product system, the same method can be applied by nesting the alternatives 
so that their combined probabilities result in the desired individual probabilities (see Figure 
A.3-1). For example, we may have three alternative competing processes X, Y and W with 
probabilities of 25, 35 and 40% respectively. In this case we set the probability of process 
XY as 60% (25 + 35), the probability of process X as 41.6% (so that when multiplied by 
60% we get 25%) and the probability of process Y as 58.3% (so that when multiplied by 
60% we get 35%). The probability of process W is set at 40%.  

 

 
Figure A.3-1 Product system configuration for more than 2 competing alternative unit processes 

A.3.2. Global sensitivity analysis: MatLab implementation 
To estimate the Borgonovo delta uncertainty importance measures 102 we used a MatLab 
function betaKS3.mat 103 developed by Elmar Plischke and provided by the authors upon 
request. The betaKS3 function takes two main inputs: a matrix X with all of the uncertain 
input parameters (rows) and their sampled value in each MC run (columns), and a vector 
Y with the impact score in each MC run. For all other options we used the default settings.  
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For the case study we only supplied the uncertain inputs in the foreground system, which 
were the focus of our investigation. Additional options for the betaKS3 function include 
the partition size, which we set at 15, and used Monte Carlo sample size of 10,000.  

However, the uncertain inputs can also include variable and uncertain parameters from 
the ecoinvent background. These may be found in both the technology (A) and the 
environmental (B) matrix. The delta method accounts for interactions between 
parameters, and only those parameters that somehow affect the output can be provided 
to the function to reduce computational intensity. Therefore, three filters can be applied 
to the total set of uncertain input parameters from the A and B matrices to significantly 
reduce computational time: 

▪ From the A and B matrices, include only uncertain flows from processes that are 
part of the calculated product system. 

▪ From the B matrix, include only uncertain environmental flows that have a 
characterization factor for the impact type that is being assessed. 

▪ From the A matrix, include only economic flows from processes that have an 
environmental flow at any point upstream that has a characterization factor for the 
impact type that is being assessed.  

For our case study, we also include the values in each MC run of the different probabilities 
[Px, Py, Pw…] used to set the triggers for the alternative processes of the emerging 
technology. These can be appended to the input matrix at the end. 

The function returns a vector with the sensitivity index for each parameter in the same 
order as they were listed in the input matrix X. The scores can be ranked (while recording 
the original position) in order to find out the relative importance of each to the variance in 
the impact score.  

Code snippets for implementation of the filters in MatLab are provided below. For the 
code, we have stored all the uncertain flows in the LCA database along with their position 
(row|column) and their MC sampled values in two matrices: inDA (economic flows), inDB 
(environmental flows). These matrices have the following structure: 

RRooww  CCooll  RRuunn  11  RRuunn  22  RRuunn  33……  ……RRuunn  NN  
1 1 3.26 3.17 3.48 3.21 
1 2 0.24 0.23 0.25 0.24 
1 5 1.17 1.22 1.09 1.21 
… … … … … … 

# flows # processes 25.38 24.17 27.19 23.02 
 

In the code below, we apply the two filters (i) and (ii) to these matrices, copying them 
subsequently to inDA ➔ inDAf1, and inDB ➔ inDBf1 ➔ inDBf2. 

Apply filter (i) to matrices A and B: 
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N = 10000 
 
s = A\f; 
 
 
 
inDAf1 = [inDA zeros(size(inDA,1),1)]; 
inDBf1 = [inDB zeros(size(inDB,1),1)]; 
 
for i = 1:size(inDAf1,1) 
    if s(inDAf1(i,2))==0 
        inDAf1(i,N+3)=1; 
    end 
end 
 
for i = 1: size(inDBf1,1) 
    if s(inDBf1(i,2))==0 
        inDBf1(i,N+3)=1; 
    end 
end 
 
inDAf1(inDAf1(:,size(inDAf1,2))==1,:)=[]; 
inDBf1(inDBf1(:,size(inDBf1,2))==1,:)=[]; 

Number of Monte Carlo runs 
 
Calculates the scaling vector for the demand vector 
f, from the technology matrix A. 
 
 
Add a column of zeros at the end of each matrix to 
place tag 
 
If process is not part of product system, scaling 
vector in that row==0. Tag that row with a 1.  
 
 
 
 
Repeat as above, this time for B matrix. 
 
 
 
 
 
Delete rows with unused processes that are tagged 
with 1. 

Apply filter (ii) to matrix B: 

Iref = 482 
 
 
envflowsCC = find(Q_mat(Iref,:)); 
 
 
 
inDBf2 = inDBf1(ismember(inDBf1(:,1), 
envflowsCC), :); 

Row position for impact type in Q matrix. 
 
Find the flows in the Q matrix that have a 
characterization factor for impact Iref. The function 
find() returns the index (column) for non-zero values 
in row Iref of the Q matrix.  
 
Copy to inDBf2 only those flows that have been 
listed in envflowsCC.  

 

Prepare input matrix for GSA and run GSA: 

We can now concatenate the inputs from A and B matrices along with the uncertain 
foreground parameters and triggers. We have previously stored the randomly sampled 
foreground input parameters in matrix inPar with each row representing each parameter 
(including the triggers) and each column the corresponding value for reach MC run. We 
have also stored the impact assessment results for the impact category in a vector Ygsa, 
with one result for each run.  

Xgsa = cat(1,inDAf1, inDBf2); 
 
Xgsa(:,[1 2]) = []; 
 
Xgsa(:,end) = []; 

Concatenate the A and B inputs into a single matrix 
 
Delete first two columns with position information 
 
Delete last column with the tag from filter (i) 
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Xgsa = cat(1, Xgsa, inPar); 
 
 
 
Xgsa = transpose(Xgsa);  
 
d = deltamim(Xgsa, Ygsa); 

 
Concatenate the A and B inputs with the foreground 
uncertain input  
parameters and triggers 
 
Transpose the matrix 
 
Run deltafast function. d will contain a vector with 
the sensitivity indices.  

 

Note:: All uncertain inputs in the background and foreground are pre-sampled and stored 
in arrays, prior to running the Monte Carlo simulation, in order to ensure that the sampling 
of compared systems is dependent as recommended by Henriksson et al.104 In each run, 
the Monte Carlo simulation picks the same pre-stored value for both systems.  

A.3.3. Case study: process descriptions and input/output data 

A.3.3.1. Fingers: seed layer (nano) inkjet printing 

Materials: The pattern to be printed on the cell for the seed layer consists of 6 fingers 2 
mm wide, 75 mm long and 0.1 µm thick on average.  The total quantity of nanoink required 
is calculated by the total volume of this pattern multiplied by the density of each nanoink 
(reported by the manufacturers). To this quantity, we add 10% to account for ink that 
remains in the filter and is discarded as hazardous waste. Therefore, for each type of ink 
we have the following inputs, per cell: 

            # fingers   Finger width           Finger length          Finger thickness      Ink density   Loss factor (Eq. A.3-3) 

6 ∙ (2 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (75 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (0.1𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 1.27𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 1.25𝐸𝐸 − 7 𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖𝑘𝑘

6 ∙ (2 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (75 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (0.1𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 1.45𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 1.44𝐸𝐸 − 7 𝑘𝑘𝑘𝑘 𝐴𝐴𝑘𝑘 𝑖𝑖𝑖𝑖𝑘𝑘 

Printer electricity. The current sample being tested is approx. 10 cm. long and takes 5 
minutes to print, with only 2 nozzles in use out of a total possible of 210. We estimate the 
printing speed as: 

10 𝑐𝑐𝑚𝑚
5 𝑚𝑚𝑖𝑖𝑖𝑖 ∙ 210 𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

2 𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ∙ 60 𝑚𝑚𝑖𝑖𝑖𝑖
1 ℎ ∙ 1 𝑚𝑚

100 𝑐𝑐𝑚𝑚 = 126 𝑚𝑚
ℎ  (Eq. A.3-4) 

From the data above, the total length of the 6 printed fingers is 0.45 m, and the printer has 
a maximum power rating of 1kW. We assume it operates at 75% power on average. To 
calculate electricity consumption of the printing process (per cell) we have: 

0.45 𝑚𝑚 
𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛 ∙ 1 ℎ

126 𝑚𝑚 ∙ 1 𝑘𝑘𝑘𝑘 ∙ 75% = 0.027 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛  (Eq. A.3-5) 
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A.3.3.2. Fingers: seed layer sintering 

Laser electricity: The length of the pattern that must be sintered is calculated from the data 
in the previous section (0.45 m). We use a laser scan speed of 0.01 m/s, and the optical 
power delivered by the laser is 1.4 W. The wall-plug to optical efficiency of YAG type 
lasers is typically around 25% 84, so we estimate the electricity consumption for laser 
sintering as: 

0.45 𝑚𝑚
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑠𝑠

0.01 𝑚𝑚 ∙ 1 ℎ
3600 𝑠𝑠 ∙ 1.4𝐸𝐸 − 3 𝑘𝑘𝑘𝑘 ∙ 1

25% = 5.6𝐸𝐸 − 5 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.3-6) 

Materials: Laser-sintering of both Cu and Ag ink is done in open air. 

A.3.3.3. Fingers: electroplating 

Electroplating consists of submerging the cell with the seed pattern in an electrolyte bath, 
where the patterned cell will serve as an ion-receiving cathode and a copper anode in the 
solution will serve as a cathode. The electrolyte solution consists of a mix of cupric sulfate 
and sulfuric acid. Driving an electric current through the solution will force the metallic 
ions from the cathode to deposit on the seed pattern until the desired geometry is obtained.  

Electricity: A conventional electroplating setup is used, where 10 mA of applied current 
with an average voltage of 0.5 V provides 250 nm of plating per minute. The electrical 
power can be calculated from the current and voltage: 

𝑃𝑃 = 𝐼𝐼 ∙ 𝑉𝑉 = (10 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1000 𝑚𝑚𝑚𝑚) ∙ (0.5 𝑉𝑉) = 5𝐸𝐸 − 3 𝑘𝑘 = 5𝐸𝐸 − 6 𝑘𝑘𝑘𝑘 (Eq. A.3-7) 

The amount of electricity consumed is calculated by multiplying the power by the time 
required to plate the desired finger thickness of 12.5µm. 

5𝐸𝐸 − 6 𝑘𝑘𝑘𝑘
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠 ∙ 1 𝑚𝑚𝑚𝑚𝑚𝑚

0.25 𝜇𝜇𝑚𝑚 ∙ 12.5 𝜇𝜇𝑚𝑚 ∙ 1 ℎ
60 𝑚𝑚𝑚𝑚𝑚𝑚 = 4.16𝐸𝐸 − 6 𝑘𝑘𝑘𝑘ℎ

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (Eq. A.3-8) 

Materials: Pure metal anodes donate the ions that ultimately deposit on the pattern 
(cathode). The ions are first passed from the electrolyte solution to the cathode and are 
then replenished from the anode to the solution. Therefore, the anode is sacrificed 
according to the amount of metal deposited in the cell, and we assume 10% losses. 

 (Eq. A.3-9) 

𝐶𝐶𝐶𝐶:   6 ∙ (2 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (75 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (12.4 𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 8.96𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 1.09𝐸𝐸 − 4 𝑘𝑘𝑘𝑘 𝐶𝐶 

We consider a standard cupric sulfate electrolyte solution that consists of 200 g cupric 
sulfate and 25 mL sulfuric acid in sufficient deionized water to prepare 1 L of electrolyte 
solution. This amount of solution is used for electroplating on one cell; however, we 
consider that it can be used for the production of 10-100 wafers based on lab experience, 
and test the sensitivity of this parameter.  

A.3.3.4. Busbars: screen printing 
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Screen printing electricity: We use data from a screen printer running a squeegee motor 
with a power of 1.16 kW. The printer can process a sheet of 400x400mm in 30 seconds. 

1 𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
4 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑠𝑠 ∙ 1.16 𝑘𝑘𝑘𝑘 ∙ 30 𝑠𝑠 ∙ 1 ℎ

3600 𝑠𝑠 = 2.41𝐸𝐸 − 3 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐  (Eq. A.3-10) 

Curating electricity: Cu busbars are grown over the Ag or Cu fingers by screen-printing. 
However, instead of co-firing, the Cu busbars are curated at lower temperature (250°C) in 
an atmosphere of pure nitrogen85. This is done in a furnace that has a power rating of 3.4 
kW and can process 1000 cells per batch, for a curating time of 10 minutes.  

3.4 𝑘𝑘𝑘𝑘
1000 𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑠𝑠 ∙ 10 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 1 ℎ

60 𝑚𝑚𝑚𝑚𝑚𝑚 = 5.67𝐸𝐸 − 4 𝑘𝑘𝑘𝑘ℎ
𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐  (Eq. A.3-11) 

Materials: We consider 3 busbars, 1 mm wide, 156 mm long and 13.5 µm thick on average. 
We assume 10% losses from the paste during screen-printing. Per cell, we have: 

 (Eq. A.3-12) 

3 ∙ (1 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (156 𝑚𝑚𝑚𝑚 ∙ 1 𝑚𝑚

1𝐸𝐸3 𝑚𝑚𝑚𝑚) ∙ (13.5 𝜇𝜇𝑚𝑚 ∙ 1 𝑚𝑚
1𝐸𝐸6 𝜇𝜇𝑚𝑚) ∙ 8.96𝐸𝐸3 𝑘𝑘𝑘𝑘

𝑚𝑚3 ∙ 110% = 6.23𝐸𝐸 − 5 𝑘𝑘𝑘𝑘 𝐶𝐶𝐶𝐶 
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A.4. Supplementary information to Chapter 5 

A.4.1.  Model overview 
This risk assessment was conducted in six integrated steps: 

▪ III-V/Si PV electricity demand scenarios: Projected the expected PV demand (in 
MWp or GWp) in each geographical scale over a period of 100 years using logistic 
growth curves.  

▪ Dynamic stock flows: Determined the quantity of III-V/Si PV panels (in m2 of PV 
installation) manufactured, installed, and recycled/incinerated/landfilled in each 
year to meet the electricity demands of the previous step. 

▪ Emissions: Determined the quantities of III-V materials emitted to the environment 
from III-V/Si PV panels at each life cycle stage. 

o Manufacturing: Emissions from this phase were deemed negligible as all waste 
goes to underground hazardous waste storage and/or is reused.  

o Use phase: Calculated the emissions that may occur from panel breakage which 
exposes the III-V materials in the PV cells to leaching during rain events.  

o End-of-life phase: 

 Recycling: no direct emissions to the environment were considered during 
PV materials separation and repurposing, only the generation of waste. 

 Incineration: Calculates emissions of III-V materials that vaporize and are 
not captured by the abatement system, escaping to air.  

 Landfilling: Calculates emissions from III-V materials that leach from the 
waste to the landfill leachate, and later escape the landfill through 
uncontrolled leakage to the surrounding soil. Also calculates emissions that 
can volatize to air in the landfill. 

▪ Environmental fate: Models the distribution of emitted III-V materials (in kg) in each 
environmental compartment in each scale and calculates the predicted 
environmental concentrations (PEC). 

▪ Risk Quotient: Evaluates the risk as a ratio of predicted environmental 
concentrations (PEC) to concentrations at which no observable effects are reported 
(PNEC).  

These steps are described in detail in the following sections, along with the assumptions 
and calculation notes. The values and probability distributions taken for all model input 
parameters are listed in Table A.4-2. 
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A.4.2. Demand scenarios 
Demand scenarios for three geographical scales were modelled; one for Europe 
(continental, “SKY_EUR”), one for the city of Amsterdam (regional, “RES_AMS”), and an 
intentionally loaded smaller area (˜16 km2) containing a floating utility-scale PV plant with 
surrounding rooftop PV and EOL treatment facilities within it (local, “UTI_LOC”). The 
scales are embedded in the model, so that the PV demand (and corresponding emissions) 
in the local scale is added to the regional scale, and the regional scale is added to the 
continental scale. In the SimpleBox fate models, materials are allowed to be transported 
across scales.   

With an expected 28% panel conversion efficiency, III-V/Si panels will have a rating of 
280 Wp/m2. This is equivalent to the power output of the panel under standard irradiance 
conditions of 1000 W/m2. The rating can also be expressed in terms of efficiency, as the 
ratio of power output to power input. To translate PV installed capacity to PV installation 
size (as total Area of panels, in m2) we used Equation A.4-1.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑅𝑅𝐶𝐶𝐶𝐶∙1000 𝑊𝑊/𝑚𝑚2  (Eq. A.4-1) 

A.4.2.1. Continental scale: Europe 

We modelled a first scenario based on possible future electricity demand in Europe 
according to the Shell Sky Scenario105, which sets the most ambitious targets for 
electrification and solar generation in Europe from the different scenarios presented by 
Shell. In this scenario, total PV electricity demand will rise to 18.43 EJ (=5,138 TWh) by 
the year 2100, split equally between distributed and utility. If the IEA’s “High GaAs” market 
shares are taken 15% of the utility share and 5% of the rooftop share would be taken by 
III-V/Si panels, the installed capacity of III-V/Si panels is 10%, or 513.8 TWh. We 
translate this electricity demand to installed capacity by assuming a 1200 kWh/kWp 

average yield in Europe106, although this can vary if the location of new PV installations 
shifts significantly to the north or south. Based on these data, we used a logistic growth 
curve (equations A.4-2 and A.4-3) to project installed capacity at any given time C(t), 
starting with an initial capacity addition of C0 = 100 MWp in the year 2031 and stabilizing 
at Cf = 430 GWp. We took the growth rate k = 14.1% from the 75th percentile of 1100 
different PV deployment scenarios in Europe that were reviewed and harmonized by Jaxa-
Rozen et. al.107    

𝐶𝐶(𝑡𝑡) =  𝐶𝐶𝑓𝑓
1+𝐴𝐴∙𝑒𝑒−𝑘𝑘𝑘𝑘 (Eq. A.4-2) 

𝐴𝐴 = 𝐶𝐶𝑓𝑓−𝐶𝐶0
𝐶𝐶0

 (Eq. A.4-3) 

Of the total amount of III-V/Si PV panels produced each year, we assumed 25% would 
be installed on rooftop installations, while 75% would be installed in utility-scale plants, 
following the IEA’s “High GaAs” scenario.108 We further assumed that a fraction of utility-
scale corresponding to 13.3% of utility (~10% of total generation)  is supplied by floating 



 
 

____ 
175 

structures on surface water bodies (lakes) based on projections made by Cazzaniga et al. 
for floating PV installations.109 In lieu of data, we assumed an equal split between rooftop 
installations that drain to freshwater and those that drain to soil (Figure A.4-1). 

 

Fig A.4-1. Projected distribution of III-V/Si modules in Europe based on installation type and location. 

A.4.2.2. Regional scale: Amsterdam area 

The second scenario we modelled was based on the stated policies of the Amsterdam 
municipality110. The number of installed solar panels has grown by approximately 50% 
annually from 2012 to mid-2019. The city’s aspiration is to reach 550 MW by 2030, which 
is half of the total potential of roofs (large and small). Afterwards, the city is committed to 
“leave no roof unused”, with a roof potential of 1100 MW. Floating PV and ground-based 
installations will be kept as an option only if the targets are not achievable otherwise. 
Following these stated aspirations, for this scenario we assume III-V/Si enters the market 
after 2030 with an initial installed capacity of 100 kWp and grows at the pace of 20% 
annually to take up 10% of the total rooftop potential. As per Equations A.4-2 and A.4-3, 
this can be represented by setting C0 = 0.1 MW, Cf = 110 MW, and k = 0.2. The 
distributions according to type of installation are shown in Figure A.4-2. 

 

Fig A.4-2. Projected distribution of III-V/Si modules in Amsterdam based on installation type and location. 

A.4.2.3. Local scale: Floating utility plant and surrounding rooftop installations 

The third scenario represents a very localized situation, largely based on the current status 
(2020) of the Sloterplas lake area in Amsterdam. The number of rooftop panels currently 
installed in the encircled area (Figure A.4-3) is approximately 50,000. For this scenario, we 
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assume all the panels are replaced for III-V/Si panels in 2030. We also assumed all panels 
in this area will drain directly to soil, or towards the lake. In addition to this, 50 MW of III-
V/Si panels are assumed to be installed in 2030 as a floating utility installation on the lake, 
taking up approximately 20% of the lake area.  

 

Fig A.4-3. Current PV installations around the Sloterplas lake in Amsterdam (red: on houses, purple: on non-
houses or mixed).* 

A.4.3. Stock flows 
According to the current European Union regulations, 85% of solar panels by weight must 
be collected for recycling.111 The base (conservative) case considers current PV recycling 
practices, which largely focus on the aluminum framing, glass, and plastic components of 
the panel while the cell is discarded (Figure A.4-4). Based on interviews we conducted 
with industry representatives, it is believed that if an amount of arsenic in the order of 100 
ton per year would become available for recycling, then this additional recycling step 
would become economically feasible. This alternative is tested in a sensitivity analysis 
where f.rec.reu=98% and f.rec.rej=2%. 

 
*https://maps.amsterdam.nl/zonnepanelen/?LANG=en.  
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Fig A.4-4. Distribution of III-V/Si panels at EOL. Percentage values represent the base (conservative) case 
with no arsenic recovery during recycling. 

A.4.4. Emissions 

A.4.4.1. Use phase† 

The model supposes III-V materials emissions during the use phase may occur if there is 
leaching from broken panels during rain events. The potentially released amounts were 
determined by calculating the release per second per broken panel, and multiplying this 
by the exposure time to rainwater, number of panels, and fraction of panels with glass 
breakage. The release of arsenic/gallium/indium per broken panel is dependent on the 
speciation in the panel which consists of two factors: dissolution at the crack surface of 
directly exposed material (modelled according to Celik et al.67) and transport of arsenic on 
non-exposed parts that gets dissolved by water ingress and is transported to the crack 
where it is then released.  

The total release can be expressed as: 

𝑅𝑅. 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =   (𝑅𝑅. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑠𝑠𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) ∙ 𝑠𝑠. 𝑠𝑠𝑒𝑒𝑒𝑒 ∙ 𝑡𝑡. 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑓𝑓. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐 (Eq. A.4-4) 

Where: 

R.system = total release of a metal from a specific speciation from the PV system in g/year 

R.crack = dissolution rate of metal where the metal is directly exposed to the solvent due to the 
crack in g/s 

trans.crack = transport of dissolved metal from the rest of the panel to the crack in g/s 

 
† The “use phase” calculations presented in this section are based on the RIVM/Wageningen University and 
Research internship report by Matthias Hof, “Environmental risk assessment of photovoltaic-panels applied on 
surface waters” (April 15, 2021). Supervised by Joris Quik, Michiel van Kuppevelt (RIVM), Bart Koelmans 
(WUR).  
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t.exp = exposure time to solvent (rainwater) per year in s/year 

n.system = number of panels in the PV system 

f.cracked = fraction of panels in the system with glass panel breakage 

The exposure time to solvent (rainwater) per year is calculated as:  

𝑡𝑡. 𝑒𝑒𝑒𝑒𝑒𝑒 =  𝑡𝑡. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙  𝑡𝑡. 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/365 (Eq. A.4-5)

Where: 

t.rain = days of rain per year 

t.removal = days until removal after breakage of panel 

The dissolution rate of arsenic directly exposed at the cracks of a broken panel can be 
calculated as:67 

𝑅𝑅. 𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 = 𝐴𝐴. 𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 ∙ (𝐷𝐷
𝑑𝑑) ∙ (𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶) (Eq. A.4-5) 

Where: 

A.crack = cumulative surface area of cracks in m2 

D = diffusion coefficient of metal in m2/s 

d = thickness boundary layer of diffusion in m 

Cs = saturated mass concentration of metal in water in g/m3 

Cb = concentration of metal in bulk solvent (rainwater) in g/m3 

In Equation A.4-5, the saturated mass concentration Cs is given by: 

𝐶𝐶𝐶𝐶 = 𝑀𝑀𝑀𝑀 ∙ 𝑆𝑆𝐶𝐶  (Eq. A.4-6) 

Where:  
MW = Molecular weight of metal atom in g/mol 

Ss = saturated molar concentration of metal ions in mol/l 

The saturated molar concentration Ss is: 

𝑆𝑆𝐶𝐶 = (𝑥𝑥
𝑦𝑦)

𝑦𝑦
𝑥𝑥+𝑦𝑦 ∙ 𝐾𝐾𝐶𝐶𝑒𝑒

1
𝑥𝑥+𝑦𝑦  (Eq. A.4-7) 

Where: 

x = number of metal ions in soluble speciation 

y = number of anions in soluble speciation 

Ksp = solubility constant of soluble speciation 

Finally, the cumulative crack surface is calculated as: 

𝐴𝐴. 𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐 = 𝑟𝑟. 𝑐𝑐𝑟𝑟 ∙ (𝑀𝑀. 𝑐𝑐𝑟𝑟 ∙ 𝐿𝐿. 𝑐𝑐𝑟𝑟)  (Eq. A.4-8) 

Where: 

n.cr = number of cracks 
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W.cr = width of the crack in m 

L.cr = length of the crack in m 

In addition to direct dissolution at the crack surface, III-V materials in the rest of the panel 
may be exposed to the solvent through the ingress of rainwater. We assumed that 
ingressed water is continuously present in the panel, and the concentration of dissolved 
III-V materials in the ingressed water was assumed to be saturated due to the long 
residence time. The release of metal through the crack can thus be described by the 
transport from its position in the panel to the crack through diffusion. 

The transport of dissolved metal to crack is calculated as: 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝐽𝐽. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 ∙ 𝐴𝐴. 𝑐𝑐𝑡𝑡. 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡  (Eq. A.4-9) 

Where: 

J.crack = the flux of dissolved metal to the crack in g/m2/s 

A.cr.sides = the surface of the diffusion interface between the panel and the crack, which is the 
surface of the sides of the crack in m2. 

The flux of dissolved metal to crack is given by: 

𝐽𝐽. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 = 𝐷𝐷 ∙ 𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑑𝑑𝑐𝑐 (Eq. A.4-10) 

Where: 

distance.cr = the average travel distance of the metal from any point in the panel to the crack 

The surface of the diffusion interface can be calculated by the width and length of the 
crack, and the “depth” of the crack, or the thickness of the space between sheets of the 
panel through which the rainwater can ingress. Due to the possibility of multiple cracks on 
the panel, the total surface of the diffusion interface is the sum of the sides of multiple 
cracks. The total surface of the diffusion interface can be calculated as follows: 

𝐴𝐴. 𝑐𝑐𝑡𝑡. 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡 = (𝑡𝑡. 𝑐𝑐𝑡𝑡 ∙ 2(𝑊𝑊. 𝑐𝑐𝑡𝑡 + 𝐿𝐿. 𝑐𝑐𝑡𝑡) ∙ 𝐷𝐷. 𝑐𝑐𝑡𝑡  (Eq. A.4-11) 

Where: 

D.cr = depth of crack in m. 

If the panel is regarded as a two-dimensional sheet, the average travel distance of 
dissolved metal from any point in the panel to the crack can be described by the average 
distance between two random points in a rectangle of a certain size. The average distance 
between two random points in a rectangle is described by Mathai et al.112: 
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𝑎𝑎𝑎𝑎𝑎𝑎. 𝑑𝑑𝑑𝑑𝑑𝑑. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝
= 1/15 ∙ ((𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^3)/(𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2 )
+ (𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^3)/(𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2 )
+ 𝑑𝑑(−(𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2)/(𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2 )
− (𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2)/(𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2 ))
+ 5/2((𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2)/(𝐴𝐴. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝)  𝑝𝑝𝑝𝑝 ((𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝
+ 𝐿𝐿𝑊𝑊)/(𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝))
+ (𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝^2)/(𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝)  𝑝𝑝𝑝𝑝 ((𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝
+ 𝐿𝐿𝑊𝑊)/(𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝)))) 

(Eq. A.4-12) 

Where: 

avg.dis.panel = the average distance between two random points in a rectangle with sides L.panel 
and W.panel in m 

L.panel = the length of the panel in m 

W.panel = the width of the panel in m 

LW = (𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝2 + 𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝2)1/2 

L.panel > W.panel 

Because of the possibility of multiple cracks forming on the panel, the actual distance from 
any point on the panel to the crack would be smaller than the average distance between 
two points. As far as we are aware, there is no formula for the average distance between 
multiple random points in a rectangle. To approximate this decrease in distance with 
multiple cracks, the average distance calculated by Eq. A.4-12 was divided by the number 
of cracks on the panel:  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑝𝑝𝑑𝑑𝑝𝑝. 𝑑𝑑𝑐𝑐 = 𝑎𝑎𝑎𝑎𝑎𝑎.𝑑𝑑𝑑𝑑𝑑𝑑.𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝
𝑝𝑝.𝑐𝑐𝑐𝑐   (Eq. A.4-13) 

This underestimates the actual distance when cracks are not uniformly distributed, 
however this was deemed preferable over overestimating the distance as the latter leads 
to underestimating the release of metals and resulting ecotoxicological risk. 

Finally, the amount of metal that can be released through direct dissolution at the crack 
with the Celik et al.67 formula was limited to the amount of metal directly exposed to the 
outside environment (using an IF statement):  

𝐼𝐼𝐼𝐼((𝑅𝑅. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐 ∙ 𝑑𝑑. 𝑝𝑝𝑒𝑒𝑝𝑝) < 𝑀𝑀𝑀𝑀. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐; (𝑅𝑅. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐 ∙ 𝑑𝑑. 𝑝𝑝𝑒𝑒𝑝𝑝); 𝑀𝑀𝑀𝑀. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐) (Eq. A.4-14) 

The mass of metal directly exposed at crack is equal to: 

𝑀𝑀𝑀𝑀. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐 = 𝑀𝑀𝑀𝑀. 𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑 ∙ 𝑓𝑓. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐  (Eq. A.4-15) 

The amount of metal of specific speciation in panel is: 

𝑀𝑀𝑀𝑀. 𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑 = 𝑀𝑀𝑀𝑀. 𝑃𝑃𝑃𝑃𝑎𝑎𝑐𝑐𝑝𝑝𝑎𝑎 ∙ 𝐿𝐿. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝑊𝑊. 𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝑓𝑓. 𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑  (Eq. A.4-16) 

The fraction of panel surface exposed by crack is: 

𝑓𝑓. 𝑑𝑑𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐 = 𝐴𝐴.𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐
𝐴𝐴.𝑝𝑝𝑎𝑎.𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑝𝑝  (Eq. A.4-17) 
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Where: 

Mu.crack = amount of metal directly exposed to outside environment in g 

Mu.spec = total weight of metal of specific speciation in panel in g 

A.crack = total crack surface area in m2 

Mu.PVarea = weight of metal per surface aera of PV panel in g/m2  

f.spec = ratio of metal from specific speciation to total amount of that metal in the panel 

Similarly, the total amount of metal that can be released from the panel trough dissolution 
in ingressed water and subsequent diffusion can be limited by: 

𝐼𝐼𝐼𝐼((𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑘𝑘 ∙ 𝑡𝑡. 𝑒𝑒𝑒𝑒𝑒𝑒) < 𝑀𝑀𝑀𝑀. 𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡; (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑘𝑘 ∙ 𝑡𝑡. 𝑒𝑒𝑒𝑒𝑒𝑒); 𝑀𝑀𝑀𝑀. 𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡) (Eq. A.4-18) 

The amount of metal of specific speciation in panel that is not directly exposed by crack 
is: 

𝑀𝑀𝑀𝑀. 𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑀𝑀. 𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑒𝑒𝑡𝑡 ∙ 𝐴𝐴. 𝑒𝑒𝑝𝑝. 𝑒𝑒𝑡𝑡𝑡𝑡𝑒𝑒𝑝𝑝 − 𝑀𝑀𝑀𝑀. 𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑘𝑘  (Eq. A.4-19) 

Where: 

Mu.ingress = weight of metal not directly exposed to outside environment in g. 

A.4.4.2. End-of-life 

A.4.4.2.1. Landfilling 

A simplified landfill model based on EPA’s Composite Model for Leachate Migration with 
Transformation Products (EPACMTP)113,114 was used to determine how much arsenic will 
dissolve from the PV discarded in landfills into the landfill leachate, and how much of the 
leachate containing these elements will escape the landfill into the surrounding 
environment. For simplicity, we assumed each cohort (yearly installation) will be disposed 
in a new landfill cell, all of which constitute monofills (only PV waste).  

Once a landfill cell has been closed, it is expected that the concentration of an element in 
the leachate will decrease over time as the available quantity embedded in the waste is 
depleted. As per the EPACMTP model, this constitutes a “depleting source scenario”, 
where the leachate concentration at a given time (t) is a linear function of the remaining 
concentration in the waste Cw(t): 

𝐶𝐶𝐿𝐿(𝑡𝑡) =  𝐾𝐾𝑊𝑊 ∙ 𝐶𝐶𝑊𝑊(𝑡𝑡)   (Eq. A.4-20) 

In equation A.4-20, KW is a waste/leachate partitioning coefficient. KW values for arsenic 
were suggested by EPA115, based largely on previously reported leachate extraction test 
results and modeling using the MINTEQA2 geochemical speciation model.  

A mass balance can then be performed at any given time t, where the difference between 
the initial concentration in the waste and the concentration at time t should equal the total 
amount lost via leaching. Assuming all the waste is composed of the same PV waste 
(monofil), this mass balance can be expressed as: 
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𝐴𝐴𝑊𝑊 ∙ 𝐷𝐷𝐿𝐿𝐿𝐿 ∙ 𝜌𝜌𝑊𝑊 ∙ 𝑑𝑑𝐶𝐶𝑤𝑤𝑑𝑑𝑑𝑑 = 𝐴𝐴𝑊𝑊 ∙ 𝐼𝐼 ∙ 𝐶𝐶𝐿𝐿(𝑡𝑡)  (Eq. A.4-21) 

CW can be substituted for CL using equation A.4-20 and equation A.4-21 can be rearranged 
to obtain: 

𝑑𝑑𝐶𝐶𝐿𝐿
𝑑𝑑𝑑𝑑 = −𝐼𝐼

𝐷𝐷𝐿𝐿𝐿𝐿∙𝜌𝜌𝑊𝑊∙𝐾𝐾𝑊𝑊
𝐶𝐶𝐿𝐿  (Eq. A.4-22) 

Equation A.4-22 can be integrated to give: 

𝐶𝐶𝐿𝐿(𝑡𝑡) = 𝐶𝐶𝐿𝐿0 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 {(
−𝐼𝐼

𝐷𝐷𝐿𝐿𝐿𝐿∙𝜌𝜌𝑊𝑊∙𝐾𝐾𝑊𝑊
) 𝑡𝑡}  (Eq. A.4-23) 

In equation A.4-23, CL
0 represents the initial concentration of the element in the leachate 

at the time of landfill cell closure.  

A small fraction of arsenic present in the landfill waste was assumed to be volatized due 
to biological processes. We took a range of values of 0.02-0.1% as reported by Webster et 
al.116 for microbially mediated volatilization in anaerobic environments. It is likely that or 
monofils with reduced microbial activity this value is on the lower range if not negligible. 
This process is assumed to occur within the simulation time step of 1 year, and so is 
immediately subtracted from the amount available for leakage.  

A.4.4.2.2. Incineration 

During incineration, arsenic in PV waste can be reduced to bottom ash or volatized. In the 
latter case, it will join the flue gas which is mostly captured by an electrostatic precipitator 
(ESP) while a small fraction escapes to air. Arsenic in bottom ash and captured in the ESP 
(fly ash) are assumed to be sent to the same PV landfill cells used described in section 
A.4.4.2.1.  

We based our assumptions on a study by Uryu et al.117, who modelled the distribution of 
arsenic in GaAs FET semiconductors in mobile phones that are burned in hazardous waste 
incineration plants in Japan. Of the incinerated amount, 90% of arsenic was present in the 
gas phase at high incineration temperatures. 0.2% of arsenic present in the gas was found 
to escape to air while the remaining fraction (bottom ash and fly ash) was sent to a landfill. 

A.4.5. Environmental fate 
The Excel spreadsheets and annotated R scripts to run the fate model as described in 
Section 5.2.5 of Chapter 5 are available at https://github.com/jormercury/SimpleBox. 
The emissions were sent to specific compartments in SimpleBox as indicated in Table 
A.4-1. 
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Table A.4-1 Receiving compartments for Use and EOL phase emissions 

EEmmiissssiioonn  SSKKYY__EEUURR  AAMMSS__RREESS  UUTTII__LLOOCC  
Use phase – leaching, 
utility (ground) 

Continental 
agricultural soil, s2C 

Regional agricultural 
soil, s2R 

Local soil, sL 

Use phase – leaching, 
utility (floating) 

Continental 
freshwater, w1C 

Regional freshwater, 
w1R 

Local water, wL 

Use phase – leaching, 
distributed 

Continental 
freshwater, w1C 

Regional freshwater, 
w1R 

Local water, wL 

EOL phase – incineration  Continental air, aC Regional air, aR Local air, aL 
EOL phase – landfill 
leaching 

Continental 
agricultural soil, s2C 

Regional natural soil, 
s1R 

Local soil, sL 

EOL phase – landfill 
volatilization 

Continental air, aC Regional air, aR Local air, aL 
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Summary 
This thesis aimed to address the main challenge in the environmental appraisal of emerging 
technologies to guide safe and sustainable innovation: the uncertainty about future 
developments which can influence the technology’s environmental performance. While 
uncertainty may be regarded as an ‘inconvenience’ to conducting meaningful appraisals, this 
work offers an upside to the inconvenience in that it can be an important source of 
opportunities for safer and more sustainable designs. This work is motivated by the view that 
safety and sustainability assessments cannot fall behind to technological or economic drivers 
of innovations, which already rely on sophisticated methods to deal with uncertainties in these 
domains. Thus, the overarching aim of this work was to bring forward the practice of ex-
ante/prospective life cycle assessment and risk assessment of emerging technologies by 
relying on novel adaptations of uncertainty analysis and global sensitivity analysis. 

In Chapter 1 we introduced the pressing need and challenges in conducting environmental 
appraisals of technologies while they are still at early research and development stages. We 
showed how this is especially relevant for emerging photovoltaics (PV) which have seen 
accelerated growth in deployment and innovation in the past decades. We also introduced 
the case study of multijunction III-V/silicon tandem solar cells, a promising high-efficiency 
solar cell design for which no environmental assessments had been conducted prior to this 
work.  

In Chapter 2 we surveyed the PV innovation landscape to investigate whether innovation in 
the sector as a whole was leading to reduced environmental impacts, as well as to identify 
environmental hotspots across the proposed technologies. For this we conducted a systematic 
review and meta-analysis of life cycle assessment (LCA) studies of emerging PV technologies 
in the period 2010-2020. In most cases, the impacts of emerging PV were lower on average 
than those of the incumbent technology in 2010, Al-BSF c-Si cells. However, due to large 
variabilities and heterogeneity we found no discernible trend in time or statistically significant 
effect of innovation on climate change impact scores. Of the technologies surveyed, most 
hotspots were found in perovskites vs. other technologies. These hotspots could be mostly 
attributed to the fluorine-doped tin oxide (FTO) glass component. Life cycle impacts of 
perovskite cells were magnified because of the perovskite cells’ short lifetimes.  

In Chapter 3 we conducted a comprehensive LCA of a lab/pilot scale version of the III-V/Si 
tandem solar cell technology. At this scale, III-V/Si was found to perform better than the Al-
BSF c-Si cells which dominated the market until 2015, but slightly worse than PERC c-Si cells 
which have dominated since. However, our break-even analysis concluded that foreseeable 
optimizations in energy reduction and/or increased throughput in the MOVPE process could 
lead to an advantage in environmental performance of III-V/Si over state-of-the-art PERC c-
Si cells. 

In Chapter 4 we proposed and successfully demonstrated two important modelling 
enhancements needed to assess technologies beyond lab/pilot scale in an ex-ante LCA 
framework. First, unresolved choices of materials or processing methods (referred to as 
technological pathways) were modelled using binomial distributions which trigger the pathways 
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stochastically depending on their chances of success. Second, a novel screening algorithm 
was developed to allow a global sensitivity analysis (GSA) to be conducted on full-scale LCA 
models with an unprecedented number of uncertain model inputs, including unresolved 
technological pathways. The joint application of both enhancements to emerging front metal 
designs for PV cells allowed us to discern which unresolved technological pathways would be 
the most influential on the cells’ future environmental performance. In this case, the choice 
between laser and chemical sintering methods for the copper ink, and the choice between 
silver and copper ink were considerably more influential than all other choices. 

In Chapter 5 we conducted a prospective ecological risk assessment of the III-V/Si PV 
technology for high-electrification/high PV demand scenarios in three geographical scales: 
Europe, Amsterdam region, and a local utility-scale plant. The emissions and risks from III-
V/Si PV cells were found to be low in worst-case situations, and negligible in other cases. A 
GSA identified operational parameters in the landfill end-of-life route as the most influential 
factors (waste/leachate partitioning and landfill cell depth). These factors were taken as a 
basis to produce recommendations for safe-by-design of III-V/Si PV panels and ancillary 
systems, such as increased separation for reuse of the III-V layers, substitution of the ethyl 
vinyl acetate (EVA) encapsulation for less acid-generating materials, and more vertical landfill 
cell designs.  

Chapter 6 built on the experiences and insights from the previous chapters to propose a 
generalized framework for ex-ante/prospective assessments to guide safe and sustainable 
innovation. We showed that GSA can be used as a screening tool to identify the most 
influential factors across different domains (e.g., economic, social, technological, 
environmental). A hierarchy of risk mitigation strategies was proposed to target these 
influential factors at the design stage. For the III-V/Si cells we found that, once all foreseeable 
improvements in cell design and manufacturing are applied, extending the useful life of the 
panels and/or avoiding early obsolescence can offer the most effective impact reduction 
strategy. In this chapter we also demonstrated for the first time how the Bayesian approach 
to probability can be applied and may be better suited than the frequentist approach to deal 
with uncertainties in ex-ante/prospective assessments. We also showed how simple analytical 
solutions can be used to perform Bayesian inference and further reduce uncertainty on the 
influential factors identified.  

In Chapter 7 we finalized by discussing the strengths of the ex-ante/prospective approach 
developed in this work, in that it can focus resources much more effectively than approaches 
relying solely on potentially biased scenario analysis. We also highlight how this approach 
provides a more transparent way to make design choices in light of numerous underlying 
assumptions and residual uncertainties.  
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Samenvatting 
Deze dissertatie had tot doel een antwoord te vinden op de belangrijkste uitdaging bij de 
milieubeoordeling van opkomende technologieën als leidraad voor veilige en duurzame 
innovatie: namelijk de onzekerheid over toekomstige ontwikkelingen die van invloed kunnen 
zijn op de milieuprestaties van de technologie. Hoewel onzekerheid kan worden beschouwd 
als een "ongemak" bij het uitvoeren van zinvolle beoordelingen, biedt dit werk een keerzijde 
aan het ongemak. Dit proefschrift kan dan ook een belangrijke bron worden van 
mogelijkheden voor veiliger en duurzamer ontwerpen. Dit werk is ingegeven door de 
opvatting dat veiligheids- en duurzaamheidsbeoordelingen niet achter mogen blijven bij 
technologische of economische aanjagers van innovaties, die al gebruik maken van verfijnde 
methoden om met onzekerheden op deze gebieden om te gaan. Het overkoepelende doel van 
dit werk was dan ook om de praktijk van ex-ante (een ander woord voor prospectieve) 
levenscyclusbeoordeling en risicobeoordeling van opkomende technologieën te verbeteren 
door aanpassingen van onzekerheidsanalyse en globale gevoeligheidsanalyse. 

In hoofdstuk 1 introduceerden wij de dringende behoefte aan, en uitdagingen bij, het uitvoeren 
van milieubeoordelingen van technologieën terwijl deze zich nog in een vroeg stadium van 
onderzoek en ontwikkeling bevinden. We hebben laten zien hoe dit met name relevant is voor 
opkomende systemen voor fotovoltaïsche energie (PV) winning, die de afgelopen decennia 
een versnelde groei in toepassing en innovatie hebben doorgemaakt. We introduceerden ook 
de case study van multi-junctie III-V/silicium tandem zonnecellen, een veelbelovend 
zonnecelontwerp met hoog rendement waarvoor voorafgaand aan dit werk nog geen 
milieubeoordelingen waren uitgevoerd.  

In hoofdstuk 2 hebben we het PV-innovatielandschap onderzocht om na te gaan of innovatie 
in de sector als geheel tot minder milieueffecten leidt, en om milieu-hotspots binnen de 
voorgestelde technologieën te identificeren. Hiertoe hebben we een systematische review en 
meta-analyse uitgevoerd van levenscyclusanalyse (LCA) studies van opkomende PV-
technologieën in de periode 2010-2020. In de meeste gevallen waren de effecten van 
opkomende PV-technologieën gemiddeld gezien lager dan die van de gevestigde technologie 
in 2010, Al-BSF c-Si cellen. Door de grote variabiliteit en heterogeniteit vonden we echter 
geen waarneembare trend in de tijd of een statistisch significant effect van innovatie op de 
klimaatveranderings-impact-scores. Van de onderzochte technologieën werden de meeste 
hotspots gevonden in perovskieten ten opzichte van andere technologieën. Deze hotspots 
kunnen vooral worden toegeschreven aan de fluor-gedoteerd tinoxide (FTO) glascomponent. 
De levenscycluseffecten van perovskietcellen waren groter vanwege de korte levensduur van 
de perovskietcellen.  

In hoofdstuk 3 hebben we een uitgebreide LCA uitgevoerd van een 
laboratorium/proefschaalversie van de III V/Si tandem zonneceltechnologie. Op deze schaal 
bleek III-V/Si beter te presteren dan de Al-BSF c-Si cellen die tot 2015 de markt domineerden, 
maar iets slechter dan de PERC c-Si cellen die sindsdien hebben gedomineerd. Onze break-
even analyse leidde echter tot de conclusie dat te voorziene optimalisaties in energiebeperking 
en/of verhoogde doorvoercapaciteit in het MOVPE-proces zouden kunnen leiden tot een 
voordeel in milieuprestaties van III-V/Si ten opzichte van state-of-the-art PERC c-Si cellen. 
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In hoofdstuk 4 hebben we twee belangrijke verbeteringen in de modellering voorgesteld en 
met succes gedemonstreerd. Deze verbeteringen zijn nodig om technologieën die voorbij de 
laboratorium-/proefschaal zijn, te beoordelen in een ex-ante LCA-kader. Ten eerste werden 
onopgeloste keuzes van materialen of verwerkingsmethoden (aangeduid als technologische 
paden) gemodelleerd met behulp van binomiale verdelingen die de paden stochastisch in 
werking stellen, afhankelijk van hun kans op succes. Ten tweede werd een nieuw 
screeningalgoritme ontwikkeld om een globale gevoeligheidsanalyse (GSA) te kunnen 
uitvoeren op grootschalige LCA-modellen met een ongekend aantal onzekere modelinputs, 
waaronder onopgeloste technologische paden. De gezamenlijke toepassing van beide 
verbeteringen op opkomende frontmetaalontwerpen voor PV-cellen stelde ons in staat om te 
bepalen welke onopgeloste technologische paden de meeste invloed zouden hebben op de 
toekomstige milieuprestaties van de cellen. In dit geval waren de keuze tussen laser- en 
chemische sintermethoden voor de koperinkt, en de keuze tussen zilver- en koperinkt 
aanzienlijk invloedrijker dan alle andere keuzes. 

In hoofdstuk 5 hebben we een prospectieve ecologische risicobeoordeling uitgevoerd van de 
III-V/Si PV-technologie voor scenario's met hoge elektrificatie/hoge vraag naar PV op drie 
geografische schalen: Europa, de regio Amsterdam, en een lokale utiliteitscentrale. De 
emissies en risico's van III-V/Si PV-cellen bleken laag te zijn in worst-case situaties, en 
verwaarloosbaar in andere gevallen. Een GSA identificeerde operationele parameters in de 
eindfase van het storttraject als de meest invloedrijke factoren (verdeling afval/percolaat en 
diepte van de stortcel). Op basis van deze factoren zijn aanbevelingen gedaan voor een veilig 
ontwerp van III-V/Si PV-panelen en aanverwante systemen, zoals een grotere scheiding voor 
hergebruik van de III-V lagen, vervanging van de ethylvinylacetaat (EVA) inkapseling door 
minder zuurvormende materialen, en meer verticale ontwerpen van stortplaatscellen  

Hoofdstuk 6 bouwde voort op de ervaringen en inzichten uit de vorige hoofdstukken om een 
gegeneraliseerd kader voor ex-ante/prospectieve beoordelingen voor te stellen om veilige en 
duurzame innovatie te begeleiden. We toonden aan dat GSA kan worden gebruikt als een 
screeningsinstrument om de meest invloedrijke factoren over verschillende domeinen (bv. 
economisch, sociaal, technologisch, milieu) te identificeren. Er werd een hiërarchie van 
risicobeperkingsstrategieën voorgesteld om deze invloedrijke factoren in de ontwerpfase aan 
te pakken. Voor de III-V/Si-cellen hebben we vastgesteld dat, zodra alle te verwachten 
verbeteringen in celontwerp en -fabricage zijn toegepast, het verlengen van de nuttige 
levensduur van de panelen en/of het vermijden van vroegtijdige veroudering de meest 
doeltreffende strategie voor het beperken van de effecten kan bieden. In dit hoofdstuk hebben 
we ook voor het eerst laten zien hoe de Bayesiaanse benadering van waarschijnlijkheid kan 
worden toegepast en wellicht beter geschikt is dan de stochastische benadering om met 
onzekerheden in ex ante/prospectieve beoordelingen om te gaan. We hebben ook laten zien 
hoe eenvoudige analytische oplossingen kunnen worden gebruikt om Bayesiaanse inferentie 
uit te voeren en de onzekerheid over de geïdentificeerde invloedrijke factoren verder te 
verminderen.  

In hoofdstuk 7 bespreken we tot slot de sterke punten van de in dit werk ontwikkelde ex 
ante/prospectieve benadering, in die zin dat zij de middelen veel doeltreffender kan 
concentreren dan benaderingen die uitsluitend berusten op een potentieel vertekende 
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scenario-analyse. We belichten ook hoe deze benadering een transparantere manier biedt om 
ontwerpkeuzen te maken in het licht van talrijke onderliggende veronderstellingen en 
resterende onzekerheden.   
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