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1 | INTRODUCTION

The demand for safer, greener, and more sustainable products and services has evolved rapidly in the past years (Franklin, 2015). Engineered nano-
materials are expected to play an important role in the development of such products in a wide variety of applications ranging from energy, trans-
port, and healthcare to packaging, biomedicine, and textile sectors (European Commission, 2015).

An important application of nanomaterials is in the solar sector. Next generation photovoltaic (PV) architectures can use nanostructures
to improve light trapping, thus increasing the conversion efficiency! of the cell (Wallentin et al., 2013). Examples of such technologies are the
multijunction solar cells that consist of multiple (nano) layers in which every layer is responsible for capturing a different part of the light spectrum.
Multijunction technologies that can reach conversion efficiencies close to 45% have already been developed (Dimroth et al., 2014). In this study,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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1 Conversion efficiency of a solar cell is the percentage of energy from sunlight that is converted into electricity.
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we focus on the recently emerged indium-phosphide (InP) and gallium-indium-phosphide (GalnP) nanowire-based solar cells (nanowires that
combine different III-V materials). This technology can be used in a tandem formation—two-junction solar cells—in which the bottom junction is
a silicon solar cell and the top junction is a nanowire solar cell. In our previous study (Pallas, Peijnenburg, Guinée, Heijungs, & Vijver, 2018), we
have shown that when taking the whole life cycle of nano-based products into account, many challenges need to be addressed in order for the
nanotechnological products to perform better compared to existing technologies, in terms of greenhouse gas emissions and energy consumption.
The main reasons for the poor performance of nano-based technologies are, in most applications assessed, the energy-intensive processes needed
for the production of nanomaterials.

To address the environmental concerns related to nanomaterials and nano-based technologies development, a holistic evaluation of their envi-
ronmental performance over the entire nanoproduct's life cycle needs to be performed. Life cycle assessment (LCA) has been suggested to be
the key tool in such comprehensive assessments for nanotechnologies (Bauer et al., 2008; Franklin, 2015; Guineé, Heijungs, Vijver, & Peijnenburg,
2017; Klopffer et al., 2007). The nanowire-based solar cell technology assessed in this study is an emerging technology, which is under development
at the lab scale. Concerns regarding nanomaterial development need to be tackled at this early stage of research and development (R&D). Jeswiet
and Hauschild (2005) showed that about 70% of the final costs and impacts on the environment are based on decisions that are made in the early
development phase of a technology. Thus, technological improvements at this early development phase can be of high importance for the future
environmental performance of the technology.

Two past studies from Meijer, Huijbregts, Schermer, and Reijnders (2003) and Mohr, Schermer, Huijbregts, Meijer, and Reijnders (2007) have
assessed the environmental impact of thin-film GalnP/multicrystalline silicon (GalnP/mc-Si) and GalnP/gallium-arsenide (GalnP/GaAs) tandem
modules. Both these studies assess thin-film tandem technologies based on aggregated production processes using ten year old data. In our study,
we assess the environmental impact of two novel lab-scale production routes for nanowire-based tandem solar cells at an early R&D stage. In
addition, several past studies have focused on the so-called prospective or ex-ante LCA to study the future impact of lab-scale technologies by
developing upscaling scenarios (Roes & Patel, 2011; Villares, Isildar, Mendoza Beltran, & Guinee, 2016; Walser et al., 2011). The goal of ex-ante
LCA studies is to identify the impacts of a new technology in the early stage of R&D in order to prevent future unintentional environmental con-
sequences (Arvidsson et al., 2017). In this study, we investigate whether we can use lab-scale LCA results to gain valuable insights and guide the
sustainable development of emerging technologies, and we discuss how lab-scale LCA fits into the context of ex-ante LCA.

To that end, we firstly aim to investigate the potential environmental impacts and hotspots of two different lab-scale manufacturing routes of
nanowire-based tandem solar cells. Thus, we perform LCA of the development of nanowire solar cells for the two manufacturing routes and identify
critical hotspots in the production chain. Secondly, we aim to explore the usefulness of early-stage lab-scale LCA as a sustainability advisory tool
for technology developers. Lastly, we inform the technology developers on potential system improvements, based on the outcomes of the hotspot
analysis, in order to guide further sustainable development of the production of the two versions of the nanowire-based solar technology.

After this introduction, the methodology section describes the systems assessed in detail, including how the LCA was applied at the lab scale and
the related scenarios that were identified. Then, results of the environmental performance of the two different production routes of the nanowire-
based technology under different scenarios are presented. In addition, environmental hotspots and main contributors to environmental impacts
are identified. Next, we discuss our results, draft suggestions to the technology developers for systems improvements, and discuss the usefulness
of lab-scale LCA as an advisory tool to guide the sustainable development of emerging technologies. Moreover, a discussion on the uncertainties,
limitations, and other issues encountered in our analysis is presented. Finally, conclusions on the insights gained from the results of the research

are presented in the last section.

2 | METHODOLOGY

2.1 | System description: Nanowire growth, manufacturing of solar cell, and module

Two laboratory-scale production routes for nanowire growth are modeled and assessed in this study. The two production routes are:

e Direct growth route: direct growth of nanowires on a silicon wafer with metal organic chemical vapor deposition (MOCVD) using SiO, nanotube
template assistance,

e Transfer route: metal organic vapor phase epitaxy (MOVPE) growth of nanowires on a IlI-V substrate, peel off, and transfer to silicon wafer
(Borgstrom et al., 2018).

The two lab systems have some important differences. In the transfer route, nanowires are grown on InP substrate before they are transferred
to silicon. In addition, there is demand for gold that is deposited on the InP wafer. On the other hand, the direct growth requires many process
steps for the formation of the SiO, nanotube template that is used to assist the growth of nanowires directly on silicon. Details can be found in the

supporting information available on the journal's website (Sections S1 and S2).
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FIGURE 1 Product systems of nanowire tandem single-Si solar panels for the transfer route (System A—left) and the direct growth (System
B—right) route. Lab-scale processes are represented with green color; industrial-scale processes using data from the literature are represented
with blue color; background processes modeled from Ecolnvent v2.2 are represented with grey color. See more detailed information for the
lab-scale routes in the supporting information on the Web (Sections S1 and S2)

The laboratory system production routes for the growth of nanowires are part of the bigger system for the production of solar cell and modules.
The nanowire layer together with the silicon substrate forms a tandem structure. Both routes—the direct growth and transfer—are assumed to use
the most common commercial p-n junction Si solar cell as a bottom cell (Fraunhofer ISE, personal communication, 2016). In a p-n junction Si solar
cell, the bottom part of the Si substrate is positively charged (p-type) and the top part is negatively charged (n-type). Together, they form the p-n
junction, which allows the flow of electricity in the cell.

The supply chain for the production of silicon crystalline cells and PV modules has been very well described in past studies (Frischknecht et al.,
2015; Jungbluth, Stucki, Flury, Frischknecht, & Busser, 2012). It includes raw material extraction, purification of metallurgical-grade silicon to
electronic-grade silicon and solar grade silicon, Czochralski (CZ) single-Si crystallization and wafer production, cell production, and module pro-
duction. Detailed information on the supply chain for the production of crystalline silicon solar modules can be found in the supporting information
onthe Web (Section S3). Unit process data for the production of the single-Si solar panel can also be found in the supporting information on the Web
(Tables S4-S7). Since both routes are assumed to use single-Si as a bottom cell, the differences lay in the production of nanowires. The flowchart

for the production of the nanowire tandem solar modules, which presents the differences among the production routes, is shown in Figure 1.
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The two manufacturing routes have their own advantages and challenges. The transfer route has the advantage that high-quality nanowire solar
cells have already been demonstrated on a Il1-V substrate and it has a large growth parameter window (Wallentin et al., 2013). Moreover, efficient
production of nanowires that are embedded in polymer and peeled off from the |11-V substrate has also been demonstrated (Anttu et al., 2014). The
direct growth on silicon route offers the advantage of a monolithic approach for the direct growth of nanowires to silicon substrates, provides a
viable path towards scalability, and does not require an additional I11-V substrate (Borg et al., 2014; Schmid et al., 2015). Challenges within the two

production routes remain to be solved in order to achieve reliable functional solar devices.

2.2 | Life cycle assessment

LCA is a well-established method to quantify the potential environmental impacts of a product or technology system over its life cycle. LCA has
been standardized through I1SO Standards (1ISO 14044, 2006) and according to these ISO Standards, four phases should be distinguished—goal and
scope definition, life cycle inventory analysis, life cycle impact assessment (LCIA), and interpretation. The ISO standards do not provide practical
methods, rather method requirements. Therefore, we adopted in this study the operational implementation of the ISO Standards by Guinée et al.
(2002).

In this study, we performed two LCAs for the different manufacturing routes. Firstly, the laboratory processes of the two production routes for
nanowire growth were modeled using primary data from lab experiments. Secondly, the industrial processes for the development of the silicon
wafer, |1V wafer, silicon solar cell, and module fabrication were modeled. The data used in this stage were collected from the literature and from
the ecoinvent database (version 2.2). Finally, a comparison of the environmental performance of nanowire-based solar panels for the two lab-scale

manufacturing routes was performed. Environmental impacts and hotspots for the two production routes were identified and discussed.

2.2.1 | Goal and scope definition

The goal of the LCA at the laboratory scale is an investigation of the potential environmental impacts and hotspots for the two different production
routes of nanowire tandem solar cells. The identification of environmental hotspots at the early stage of R&D is used as a guide for the sustainable
design of the nanowire solar cell technology and provides a roadmap for the improvements that need to be considered for successful upscaling of
the technology. The analysis of the environmental impact of the new solar cells is reported back to the developers of the technology to guide the
sustainable development of the new technology. We do not perform a comparison to an existing commercial technology since lab-scale processes
are not really comparable to industrial-scale processes. In industrial-scale processes, yields are optimized and the scale of difference between lab
and industrial-scale processes can vary by many degrees of magnitude. We focus our analysis on identifying the processes and materials with better
potential for upscaling, guiding the sustainable development of the technology.

The functional unit of the product system is 1 kWh of electricity production using nanowire tandem solar panels (Figure 1). The reference flows
are defined as quantified flows that are linked to the use phase of the system providing the functional unit. The first alternative represents a GalnP
nanowire tandem solar panel that has been developed with direct growth to a single-Si wafer. The second alternative is an InP nanowire tandem
solar panel that has been grown on an InP substrate, has been peeled off, and transferred to a single-Si silicon wafer. The geographical scope of the

study is assumed to be Southern Europe, with an insolation? of 1,700 kWh/m?/year.

2.2.2 | Life cycle inventory analysis

The product system analyzed includes the extraction of raw materials, wafer production, nanowire growth, cell manufacturing, module fabrication,
and operation of the PV system. In this study, we have assumed the same module conversion efficiency, performance ratio (PR), and insolation
(discussed below) of the nanowire tandem solar panels for both manufacturing routes, which results in the same module area. For that reason,
the balance of system components (switches, wiring, inverter, and mounting system) that are related to the module area have not been included
in our analysis. In addition, end-of-life (EOL) treatment has not been included in the product system due to lack of data regarding recycling of
solar modules and regarding treatment and behavior of nanomaterials (nanowires) after they have been discarded. The EOL treatment of the
module is not expected to show differences since both manufacturing routes are assumed to use the single-Si technology as a bottom cell and they
have the same module area. Differences might occur due to the nanowire material composition. This is discussed in Section 4. The product system
analyzed is linked to the background system processes of the ecoinvent v2.2 database. This linking is applied to material and energy requirements
of our product system. The system boundary can be seen in the flowcharts for the production of the nanowire tandem solar panels, as presented
in Figure 1. Different colors are used for the lab processes (green color) and the industrial processes (blue color). Lab system processes for the
direct growth and transfer routes can be found in supporting information on the Web (Sections S1 and S2). The foreground input data linking to
ecoinvent background processes are fully reported using the ecoinvent v2.2 IDs in order for the results to be reproducible and to contribute to the
advancement of data transparency in the field of industrial ecology (Hertwich et al., 2018).

2 |nsolation is the solar radiation received on Earth. It is measured by solar energy per cm? per minute and similar units. It is affected by the angle of the Sun, daylight duration, and distance between
the Earth and the Sun.



PALLAS ET AL. ) 5
D) cimssrans ecoroey WL EY -

The laboratory data for the nanowire growth of the two routes are based on experimental values and energy estimations provided by the tech-
nology experts. To this end, the detailed system of processes and the material flows for the two production routes were identified (Fraunhofer
ISE, personal communication, 2016; IBM Research—Zurich 2016; Lund University 2016). Lab-scale unit process data for the development of the
nanowire layer for the two production routes can be found in the supporting information on the Web (Tables S1-S3). The data for the production of
asingle-Siwafer, cell, and PV module were based on the latest publication of Frischknecht et al. (2015) on behalf of the International Energy Agency.
The ecoinvent v2.2 database has been used for the background material and energy data (Frischknecht et al., 2005). Insolation is assumed to be
1,700 kWh/m2/year, which corresponds to the Southern European countries’ meteorological conditions and is a typical representation of the global
average (Frischknecht et al., 2015). An 85% PR for today's PV system has been assumed, which includes losses in performance, for example due to
heating of the cells (Fraunhofer ISE 2017). The typical life time of a solar module is 30 years (Fthenakis et al., 2011). For the nanowire/single-Si
tandem solar cell, efficiency is assumed to be higher than 25%, which is the main objective of the EU Nano-Tandem project (EU H2020 - NanoTan-
dem 2015). For that reason, we assume a 25% conversion efficiency for nanowire tandem modules. The module area has been calculated using the
equation from Monteiro Lunardi, Ho-Baillie, Alvarez-Gaitan, Moore, and Corkish (2017). More detailed information can be found in the supporting
information on the Web (Section S4).

2.3 | Additional requirements and parameters

An InP wafer is required for the transfer production route. The typical production methods for GaAs or InP wafers (wafers that consist of IlI-V
materials) in order to achieve high pure single crystals are the liquid encapsulated Czochralski or the Bridgmann methods (Miles, Hynes, & Forbes,
2005). In this study, an InP wafer with a thickness of 350 ym is assumed to be produced by the CZ process. This is a process with high energy
demand. The energy consumption of the processes has been derived on the basis of CZ single crystalline silicon and silicon wafer production from
Frischknecht et al. (2015). For the InP wafer production, quantities of indium and phosphorous have been calculated using the mass of the wafer
and the atomic weight of In and P (supporting information on the Web Section S5).

The metallization process for the deposition of gold is a very inefficient process. It requires about 170 times more gold than the process gold out-
put (supporting information on the Web Section S6). Thereupon, about 90% of the remaining gold is lost in the solution after the lift-off process of
the polymer layers. The metallization process can be replaced by another process called electroplating. This process reduces the gold requirements
by about 300 times (Jafari Jam et al., 2014).

2.4 | Scenarios

For the transfer route, there are additional requirements compared to the direct growth route for the InP wafer production and the use of gold in
the metallization process. A number of scenarios will be considered for these additional requirements. As a baseline case, we assume no reuse of
wafer and stamp and no gold recovery. However, it might be feasible that both the wafer and the stamp can be used a limited number of times.

Scenario 1—reuse of wafer and stamp; the InP wafer is assumed to be used 10 times before it wears out. The stamp can be used approximately
100 times before it wears out (Tucher, H6hn, Hauser, Miiller, & Blasi, 2017). The reuse of stamp scenario is applied in both manufacturing routes.

Scenario 2—recovery of gold in the metallization process; with current practices, about 50% of the gold used in the lab is recovered (Jafari Jam
et al., 2014). The gold recovery scenario is additional to the wafer and stamp reuse scenario.

Scenario 3—replacement of the metallization process with an electroplating process; in the metallization process, gold is heated in high temper-
atures and evaporates. During evaporation, gold is deposited on the polymer layer at the top of the wafer. However, at the same time, most of the
gold is lost on the side walls of the evaporation chamber. This process can be replaced by electroplating, in which gold particles are deposited on
the wafer with the use of an anode and a cathode for the creation of an electric current and 24 karats pure gold solution. In this process, which is
also called electrodeposition, there are no gold losses and the process is feasible only when the gold content in the solution is kept above a specific
value. If gold is depleted below this specific value, a commercial replenisher can be used to replenish the gold solution. We recall that by replacing
the metallization process with electroplating, the demand for gold can be reduced by a factor of 300. However, in this process, an additional layer
of a SiN mask has to be deposited on the surface of the wafer using a plasma-enhanced chemical vapor deposition process. Additional material and
energy inputs can be found in the supporting information on the Web (Table S2).

3 | RESULTS

For the LCA, CMLCA software version 5.2 beta has been used. The CML 2001 impact assessment method has been used for the LCIA (Guinée
et al., 2002). The following 10 impact categories were assessed: land use, eutrophication, acidification, photochemical oxidation, climate change,

terrestrial ecotoxicity, marine ecotoxicity, freshwater ecotoxicity, ozone depletion, and human toxicity.
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TABLE 1 Characterization results for the direct growth and transfer routes. The difference in performance is expressed by dividing the results
for the transfer route by the results for the direct growth route

Direct growth Transfer Difference between

Impact category route—baseline (Dg) route—baseline (Tr) Unit routes (Tr/Dg)
Land use 2.99E-03 1.59E-02 m?a 5.33
Eutrophication 4.50E-04 5.57E-03 kg PO4-Eq 12.37
Acidification 6.30E-04 1.57E-03 kg SO,-Eq 249
Photochemical oxidation 2.76E-05 5.61E-05 kg ethylene-Eq 2.03

Climate change 1.39E-01 2.26E-01 kg CO,-Eq 1.63
Terrestrial ecotoxicity 6.17E-04 4.75E-03 kg 1,4-DCB-Eq 7.70

Marine ecotoxicity 2.22E+02 3.84E+03 kg 1,4-DCB-Eq 17.27
Freshwater ecotoxicity 6.83E-02 1.35E+00 kg 1,4-DCB-Eq 19.78

Ozone depletion 9.96E-08 1.59E-08 kg CFC-11-Eq 0.16

Human toxicity 7.37E-02 1.95E+00 kg 1,4-DCB-Eq 26.39

Direct growth route - Baseline scenario
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FIGURE 2 Contribution (%) of the direct growth processes to various per impact categories—baseline scenario

3.1 | Direct growth route and transfer route—Baseline scenario

The carbon footprint for the production of 1 kWh of electricity is about 0.14 kg of CO,-eq for the direct growth route and 0.22 kg of CO,-eq for
the transfer route. The direct growth route performs better in all the impact categories assessed but one—ozone depletion (Table 1). The reason
for the higher ozone depletion impact is the use of trifluoromethane (CHF3) in reactive ion etching processes. The reactive ion etching processes in
the case of direct growth are used to etch away the SiO, layer.

On the other hand, the reason that the transfer route performs worse compared to the direct growth route is mainly due to the inefficient
gold metallization process, followed by the additional need for the InP wafer that is used for the nanowire growth. It can also be noticed that for
land use, eutrophication, terrestrial/marine/freshwater ecotoxicity, and human toxicity impact categories, the transfer route performs significantly
worse compared to the direct growth route. For example, the human toxicity impact is more than 26 times higher for the transfer route than for
the direct growth route (Table 1). The main reason behind this finding is again the deposition of gold in the metallization process. Gold particles are
required for the growth of nanowires. The yield of the metallization process—which is a type of evaporation process—is very low and, in addition to
that, the process is very energy intensive. The deposition of a 15 nm gold layer on a 4-inch wafer requires about 280 mg of gold. From that amount,
only 1.63 mg is deposited on the wafer; the rest of the gold is lost on the walls of the chamber. In contrast, in the direct growth route, no gold is

required, which explains the big difference on the toxicity impacts for the two routes, as we will see in the contribution analysis below.

3.2 | Contribution analysis of impacts

3.2.1 | Direct growth route

The contributions to the characterization results for the direct growth route are shown in Figure 2. The main driver of climate change is the MOCVD

process. It contributes about 60% to the climate change impact due to its high energy demand. The MOCVD process is also the biggest contributor
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FIGURE 3 Contribution (%) of transfer route processes to various impact categories—baseline scenario

in all the impact categories assessed but one—the ozone depletion. The biggest contributors in ozone depletion are the reactive ion etching
processes that are within the SiO2 nanotube formation step (detailed results can be found in supporting information on the Web Section S8).

A more careful look at the upstream contributions to the characterization results shows that the biggest contributor to ozone depletion is the
production of trichloromethane (CHCI;). In the ecoinvent database, CHF 5 is produced from CHCl3 and hydrogen fluoride. The production of CHCl,
results in emissions of tetrachloromethane (CCl,)—also known as carbon tetrachloride—to air. CCl,, which is a long-lived substance that can stay in
the atmosphere for many years, belongs to the gases responsible for stratospheric ozone depletion (Liang, Strahan, & Fleming, 2017). CCl, is a by-
product of the production of CHCl3, which is used as feedstock for the production of hydrochlorofluorocarbons (Fraser et al., 2014; Han, Li, Tang,
& Liu, 2012) or hydrofluorocarbons and yields small emissions (Montzka et al., 2011). Even though CCl, is controlled by the Montreal protocol,
the concentrations in the atmosphere are declining at a slower pace than expected (Liang et al., 2017), most likely due to larger unidentified or
underestimated emissions (Fraser et al., 2014).

For the climate change impact, the processes related to electricity generation are the main contributors—lignite burned at the power plant, hard
coal burned at the power plant, and other processes related to electricity production. They are part of the European electricity mix that has been

assumed in our analysis.

3.2.2 | Transfer route

For the transfer route, the main driver of climate change is the metallization process, which is within the nano-imprint lithography (NIL) and particle
fabrication step, followed by the epitaxial nanowire growth in the MOVPE process (Figure 3). For the other impact categories assessed, the main
driver is the metallization process due to the use of gold (detailed results can be found in supporting information on the Web Section S8). We
can also notice that the InP wafer appears to have a big contribution to terrestrial ecotoxicity, photochemical oxidation, acidification, and climate
change.

The biggest upstream contributions to the characterization results of the product system originate in different background industries. For cli-
mate change, the biggest contributors are diesel burned in the building machine from the gold refinement process, followed by natural gas burned in
the industrial furnace from the gold refinement and hard coal burned at the power plant and other industries related to electricity production. The
outcome is different for land use, eutrophication, marine/freshwater ecotoxicity, and human toxicity. The biggest contributor to these characteri-
zation results is the disposal of sulfidic tailings off-site from the production of the gold used in the metallization process. For terrestrial ecotoxicity,

the biggest contributor is the background process of gold at the refinery due to emissions of mercury into the air.

3.3 | Impactresults under different scenarios

We present the characterization results for the different scenarios for two selected/representative impact categories—climate change and fresh-
water ecotoxicity (Figure 4). The results for the other impact categories can be found in the supporting information on the Web (Section S7).

In the first scenario, we have modeled the reuse of the wafer and the stamp. Reuse of the stamp is applied to both manufacturing routes, while
reuse of the wafer is applied only to the transfer route. InP wafer and stamp reuse is feasible for a limited number of times. In our scenario, we have
assumed 10 times reuse of the wafer and 100 times reuse of the stamp before it wears off. For the transfer route, reuse of the wafer results in 10%
improvement in climate change and 2% improvement in freshwater ecotoxicity. Reuse of the stamp results in further slight improvement of about

2% in climate change, which gives a total of 12% improvement in climate change by the reuse of the wafer and the stamp. For the direct growth
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FIGURE 4 Characterization results under different scenarios: (a) climate change, (b) freshwater aquatic ecotoxicity. The direct growth route is
presented by means of orange color and the transfer route is presented by means of blue color

route, reuse of the stamp results in a small 3% improvement in both climate change and freshwater ecotoxicity impacts. Stamp reuse does not
appear to result in considerable change. However, since impacts in both routes are driven by other energy intensive processes or specific materials,
which should be optimized when up-scaled, it is suggested that stamp reuse might have a more important role to play in an upscaled system. Finally,
itisimportant to mention that reuse of the stamp has no impact on ozone depletion due to the fact that this is driven mostly by the use of the CHF5
gas in the reactive ion etching processes. Results are summarized in Figure 4 and in the supporting information on the Web (Section S7).

For the gold losses during the metallization process, we have considered a second scenario in which 50% of the gold is recovered. This scenario
has been modeled in addition to the reuse of the substrate and the stamp. By applying the gold recovery scenario, we see a significant improvement
inthe environmental performance. The climate change result is reduced by 30% and the freshwater ecotoxicity result is reduced by 48% compared
to the baseline scenario (Figure 4).

In the third scenario, we model the alternative electroplating process. By replacing the metallization process with the electroplating process,
requirements of gold can be reduced by a factor of 300. That results in vast improvements in most impact categories. Climate change impact is
reduced by 49% and freshwater ecotoxicity impact is reduced by 95% compared to the baseline case (Figure 4). More information can be found in

the supporting information on the Web (Sections S7 and S8).

4 | DISCUSSION

4.1 | Scenario analysis

In the study, a number of different scenarios have been applied for the transfer route. We showed that reuse of the wafer and stamp results in 12%
reductions in climate change. However, since industrial-scale data have been used for wafer production, we should expect wafer reuse to have a
more important role in a future upscaled system. It is therefore important that the technology developers find solutions to increase the lifetime
of these products. In addition, the contribution analysis showed that gold use in the metallization process in the transfer route has a large impact
on most impact categories and especially on land use, eutrophication, terrestrial/marine/freshwater ecotoxicity, and human toxicity. Recovery of
gold with a 50% yield can significantly reduce the impacts (by in between 30% and 53% for all impact categories—see supporting information on
the Web Section S7). However, by applying the electroplating method instead of metallization, the environmental performance improves even
further, despite the additional materials and energy requirements of the SiN mask. The scale of improvement in some impact categories is huge
(eg, reduction by 96% for human toxicity impact—see supporting information on the Web Section S7). The reason is that gold requirements are
significantly reduced by the use of the electroplating process, which affects the overall impact of the transfer route. Minimization of gold use is
therefore the most important driver for impact reductions. Electrodeposition can therefore be a key technology with high potential for upscaling
at anindustrial scale.

In the case of the direct growth route, the application of the stamp reuse scenario does not result in considerable change. In an upscaled version
of the system, where process efficiencies have been achieved, reuse of the stamp might result in larger improvements in the overall impact. For
the ozone depletion result—which is mainly driven by the use of CHF3 gas due to production of CHCI; and emissions of CCl, upstream in the
value chain—a different setup might be considered for future upscaling in order to reduce the ozone depletion impact. Alternative materials, such
as fluorine-free etching materials (Abdolahad, Nilchi, & Mohajerzadeh, 2010), or developing an etching process optimized towards lower CHF 3

consumption are suggested to be explored for the reactive ion etching processes.
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4.2 | System consistency

The definition of the system boundaries and the functional unit creates some inconsistencies in the product system. We recall that the data for
the nanowire growth in the two production routes—direct growth and transfer—are provided directly from lab experiments and estimations.
On the other hand, the data related to InP wafer production, single-Si wafer production, single-Si solar cell, and panel fabrication are based on
industrial-scale processes. In addition, background processes and material and energy estimates provided from the ecoinvent v2.2 database are
also industrial-scale data that are used as inputs in our lab system. Priority was given to the completeness of the product system in order to provide

its function for the comparison of the two manufacturing routes.

4.3 | Summary of key suggestions to technology developers

The insights gained from the environmental hotspot analysis at this early stage of development are summarized in the following sections.

4.3.1 | Transfer route

e The use of gold is responsible for the high impact, in all impact categories assessed, especially in the terrestrial/marine/freshwater ecotoxicity,
human toxicity, eutrophication, and land-use impact categories. It is suggested that the use of other materials—for example, silver—is explored.

e The electroplating process can replace the metallization process and is likely to provide a far better environmental performance in all impact
categories due to significant reductions in the use of gold, despite the additional material and energy requirements for the SiN mask. Since
the use of gold is such an important contributor to the environmental impact, the electroplating process is recommended for further research
regarding upscaling.

e Reuse of stamp and wafer results in considerable improvements, for example 12% reduction in climate change impacts (10% comes from wafer
reuse). Further research is thus recommended, in order to lengthen the lifetimes of the stamp and the wafer. Options on recycling/recovery of

the materials contained in the wafer and stamp after their EOL are recommended to be explored.

4.3.2 | Direct growth route

e Reuse of the stamp does not result in considerable change. However, in a future upscaled technology when process efficiencies have been

achieved, stamp reuse might have a more significant role. Research in increasing the stamp's lifetime is therefore suggested.

e The use of CHF3 gas in the reactive ion etching processes results in high ozone depletion impact due to the production of CHCI3 upstream . It
is suggested that alternative materials, such as fluorine-free etching materials, or minimization of the use of CHF5 by designing an optimized
etching process, are explored.

4.4 | Validity of lab-scale results when upscaling

It is common that lab-scale technologies do not perform well compared to industrial-scale technologies. Future improvements in the production
yields should be expected when scaling up a technology (Frischknecht, Biisser, & Krewitt, 2009). For example, the lab epitaxial process we modeled
in this study—used to deposit I11-V materials—takes place in a single reactor that can handle one wafer and requires about an hour of processing
time. On the other hand, a commercial chemical vapor deposition tool for crystalline silicon solar cells can handle thousands of wafers per hour.
The difference is size and throughput between lab-scale and industrial-scale processes can be huge. Moreover, in lab technology, processes such as
wet etching can be done manually by scientists, while an industrial wet etching tool can handle thousands of wafers per hour. In addition, previous
studies have also shown that the difference in environmental performance between a lab- and an industrial-scale technology can be very large
(Villares et al., 2016; Walser, Demou, Lang, & Hellweg, 2011). Thus, no valuable insights can be gained by comparing lab-scale technology with
commercial technology, except that the environmental performance of incumbent commercial technology can at least set the benchmark for the
future performance of the novel technology. The aim of the lab-scale LCA is therefore not to find the most efficient technology; rather, it is to
identify dominating hotspots for the development of the new technology.

Our suggestions are therefore a result of the use of lab-scale LCA to gain insights on the dominating hotspots. More specifically, the underlying
commercial single-Si technology is already modeled in our product system—the singe-Si wafer, cell, and module manufacturing (Figure 1). Thus,
all the material and energy requirements for the development of nanomaterials are additional to the existing technology. Secondly, the contribu-
tion analysis showed that the use of CHF; and gold are dominating hotspots, accounting for more than 90% for some impact categories (Figures 2
and 3). In addition, the InP wafer production and the energy requirements of the epitaxial processes are also important hotspots. The epitaxial
process (MOVPE or MOCVD) is expected to be significantly more efficient when it is scaled up. For that reason, there were no suggestions derived
regarding the epitaxial process. On the other hand, the quantities of CHF and gold required for the lab-scale production will not be significantly
affected when scaling up the technology. Moreover, in an upscaled version, when other process efficiencies have been taken into account for all

system processes—for example, decreased energy requirements of the scaled-up processes—the CHF5 and gold use will likely have an even more
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significant role in driving the overall impacts, if scientists will not be able to further improve their efficiency. Lastly, by modeling alternative pro-
cesses for the deposition of gold, we showed that the technology scientists need to focus their attention on is the electroplating process instead of
metallization; or alternatively, they could look into eliminating the use of gold by the application of different materials or processes. Similarly for
the use of CHF 3, they also need to look into alternative etching materials.

The role of lab-scale LCA as an advisory tool can fit into the context of prospective LCA in the sense that it essentially offers an identification
of hotspots in the early phase of development. Such information is valuable because the freedom of altering the technology development is high
in the early R&D stage, even though knowledge about the technology is limited. At a future phase of the technology and when industrial-scale
investments take place, the knowledge will be more widespread, but the degrees of freedom in altering the technology will be very low. This is the
so called “design paradox” or “Collingridge dilemma” (Arvidsson et al., 2017; Collingridge, 1981). Thus, the suggestions derived from our analysis lie
at the center of the main reasoning for applying an LCA at an early R&D stage. Technology developers have the capability of altering the technology
in order to eliminate the dominating hotspots of the use of CHF3 and gold, due to the high degree of freedom for technology modifications that is
provided at the early stage of development. It will of course be beneficial to continue performing LCAs on all the changes proposed on the basis of
the lab-scale results, and to thus continue guiding the technology developers with information on the environmental performance of the developing

system.

4.5 | Uncertainty

The unit process data provided in the supporting information on the Web are measurements from the lab experiments that embody inherent
measurement uncertainty. However, far more major uncertainties may be attached to the technology system itself, as it is still under development.
In some cases, scientists might even abandon a whole process/material and replace it with a new one. These changes cannot be captured in an early
stage of LCA. For that reason, any major changes in the product system should be reflected back into the LCA model and a new analysis should
take place.

The uncertainties of likely changes in the unit process data can be handled by the LCA practitioners by remaining consistent among the lab prod-
uct systems compared and by understanding the overall picture. For instance, when the process time for a dry etching process is 15 min in the first
lab production route and 10 min in the second lab production route, it does not mean that the etching process is more efficient in the second route.
It rather reflects the specific parameters regarding the material scientists try to explore or the different tools they use. One way to address that is to
select an average from these two values and apply it in both lab product systems, because this process will essentially be the same when upscaling
the system for both manufacturing routes. Uncertainties of lab data measurements could be estimated in Monte Carlo simulations, for example.
However, this currently has little value since it would suggest a certain quality of the results that does not exist because of the technology system
changes that could still occur and cannot be included (yet) in such an uncertainty analysis. Again, the lesson from this is that the purpose of lab-scale
LCA is not so much the numerical result (for example the characterization results); it rather is the identification of hotspots such as CHF 3 and gold.

For example, in the case of gold use—even if we consider upscaling—the electroplating process will always perform much better compared to
the metallization process (even in the case that 50% of the gold is recovered). That is, as we showed, due to the fact that the electroplating process
requires 300 times less gold compared to the metallization process. This big difference is valid in both a lab and an industrial-scale system. Similarly,
the use of CHF3 in the reactive ion etching process results in multiple times higher ozone depletion results. Moreover, in the contribution analysis
presented in Figure 2, it is shown that the reactive ion etching (RIE) processes in the SiO, nanotube formation step contribute to more than 95%
of the ozone depletion impact. Since the quantity of CHF5 required is not expected to significantly change for the upscaled technology, it is an
important hotspot that needs to be addressed at the current early R&D stage, and in the future for further development of this technology. An

uncertainty analysis will not provide any additional information at this stage.

4.6 | Toxicity data

In this study, nano-specific toxicity as an environmental impact is not accounted for. The development of characterization factors (fate as well
as effect factors) for nanomaterials is extremely immature. Even when scientific articles report LCA studies of products and systems based on
nanotechnology, this ecotoxicity is not included, as we showed in the review study covering five different technological sectors (Pallas et al., 2018).
We acknowledge that it would be of high importance to evaluate whether different material candidates for the nanowire composition are more
toxic than others, in order to identify which combination of materials has the best potential for upscaling in terms of environmental performance.
That type of study will be done in the future and is currently beyond the scope of this study. Nonetheless, for the same reasons as described
previously, not accounting for toxicity as an impact in this lab-scale LCA between different manufacturing routes should not affect the validity of
our outcomes. In particular, both manufacturing routes will have the same nanowire material composition when upscaled and the same synthesis

process. Thus, the release and behavior of nanowires after their EOL should be considered the same in both routes.
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In the present study, we compared the environmental performance of two lab-scale manufacturing routes of the emerging nanowire tandem solar
cells. The analysis showed that the use of CHF3 and gold are important hotspots that need to be tackled in this early R&D stage, together with
the additional impacts from the Il1-V wafer and stamp production. The analysis also showed that an alternative electroplating process for the gold
deposition performs significantly better compared to the metallization process. A number of suggestions were proposed for the technology devel-
opers on how to deal with the environmental hotspots. Finally, we showed that, as an initial step in the early R&D stage and before upscaling the
emerging technology, lab-scale LCA can play the role of an advisory tool for sustainable development by providing identification of environmental

hotspots that stand out.
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