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ABSTRACT

Silicon heterojunction (SHJ) cells offer high efficiencies and several advantages in the production process compared to
conventional crystalline silicon solar cells. We performed a life-cycle assessment to identify the greenhouse gas (GHG)
footprint, energy payback time (EPBT) and cumulative energy demand of four different SHJ solar cell designs. We anal-
yse these environmental impacts for cell processing and complete systems for both current and prospective designs.
On the basis of in-plane irradiation of 1700 kWh/m2, results for current designs show that life-cycle GHG emissions
could be 32 gCO2-eq/kWh for complete SHJ photovoltaic (PV) systems (module efficiencies of 18.4%), compared with
38 gCO2-eq/kWh for conventional monocrystalline silicon systems (module efficiency of 16.1%). The EPBT of all SHJ
designs was found to be 1.5 years, compared with 1.8 years for the monocrystalline PV system. Cell processing con-
tributes little (� 6%) to the overall environmental footprint of SHJ PV systems. Among cell processing steps, vacuum
based deposition contributes substantially to the overall results, with 55–80%. Atomic layer deposition of thin films was
found to have a significantly lower environmental footprint compared to plasma enhanced chemical vapour deposition and
sputtering. Copper-based compared with silver-based metallization was shown to reduce the impact of this processing step
by 74–84%. Increases in cell efficiency, use of thin silicon wafers and replacement of silver-based with copper-based met-
allization could result in life-cycle GHG emissions for systems to be reduced to 20 gCO2-eq/kWh for SHJ systems and
25 gCO2-eq/kWh for monocrystalline system, while EPBT could drop to 0.9 and 1.2 years, respectively. Copyright © 2014
John Wiley & Sons, Ltd.
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1. INTRODUCTION

During 2012, the global installed photovoltaic (PV) capac-
ity crossed the 100GWp mark [1]. Up to 2012, we saw
more than exponential growth of installed PV capacity,
largely due to declining prices for PV systems throughout
the world and successful support schemes from govern-
ments. In 2012, the growth of the PV market more or less
stabilized, as a similar amount of capacity was installed

� Present affiliation: Groningen University, Energy & Sustainabil-
ity Institute, Groningen, The Netherlands.

in that year, compared to 2011 [1]. Taking Germany as
an example, this extreme growth now results in PV meet-
ing roughly half of the peak electricity demand on sunny
spring and summer days [2,3]. When we examine the types
of PV systems being sold, we see that the majority of
panels sold are of the crystalline silicon type, which is a
quite mature technology. However, research and develop-
ment (R&D) of many different types of PV technologies
is still intensively ongoing, in order to reduce costs, mate-
rial use, to replace scarce materials, and to decrease the
environmental impact of production.

This fast growth, aside from decreases in system prices,
is also for a significant part due to the environmental
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profile of electricity generated with PV. Extensive research
on the environmental impact of various PV technologies
has shown that all PV technologies currently available to
consumers are effective in reducing greenhouse gas (GHG)
emissions in electricity generation compared with current
fossil fuel-based alternatives. Fossil fuel based electricity
generation typically emits some 400–1000 gCO2-eq/kWh,
depending on the type of fuel and power plant efficiency.
In a recent review of 13 life-cycle assessment (LCA) stud-
ies on the GHG emissions of crystalline silicon PV, an
average˙(standard deviation) of 52 ˙ 29 gCO2-eq/kWh
was found, for LCAs harmonized to accord with IEA
guidelines on PV LCAs [4]. With a similar harmonization
approach, the GHG emissions for electricity from thin-film
PV was found to be on average 14 – 38 gCO2-eq/kWh for
various thin-film technologies [5]. These values confirm
the CO2 emission reduction potential of PV technology,
but also leave room for improvement, especially compared
with, for instance, wind powered electricity generation,
which was found to emit only about 20 gCO2-eq/kWh [6].

As mentioned before, R&D on PV is still ongoing, in
order to increase efficiency and reduce costs and environ-
mental impact. One of the approaches to this end is the
R&D on silicon heterojunction (SHJ) solar cells, which
combine design elements from wafer-based and thin-film
silicon solar cells. Since the recent expiry of core patents
describing the structure of SHJ solar cells with intrin-
sic thin a-Si layers, research on and development of such
cells strongly increased [7]. An example of such research
was the HETSI project, performed under EU grants [8]. A
national follow-up programme is currently ongoing in the
Netherlands, called Fundamentals and Application of Sili-
con Heterojunction (FLASH) solar cells. This programme
aims to develop cost-effective SHJ solar cells based on
abundant-only materials.

Silicon heterojunction solar cells, such as conventional
crystalline silicon solar cells, are based on silicon wafers.
However, where the pn-junction in conventional silicon
solar cells is formed with high temperature diffusion pro-
cesses, this junction is made by deposition of doped
amorphous silicon in heterojunction cells. This change
in production process decreases the thermal budget and
therefore the energy requirement of cell production [7],
possibly resulting in reduced environmental impact and
production costs.

In general, research on solar cells is focused on replac-
ing materials commonly used today, or decreasing the
amounts of material used. Currently, silicon-based solar
cells often require several scarce and/or expensive mate-
rials, such as silver (for the contacts) and indium (for
a transparent oxide that increases conductivity). Further-
more, silicon wafers contribute strongly to the production
costs and environmental impact of wafer-based solar cells,
mainly due to the high energy requirements for purification
of silicon and wafer sawing. In this context, the FLASH
programme aims to replace scarce materials with abundant
ones, and to decrease the amount of silicon used in SHJ
cells by reducing the thickness of the wafers used.

Reports by (amongst others) De Wild-Scholten et al.
[9], Fthenakis et al. [10] and Van der Meulen et al. [11]
have pointed to the use of high global warming poten-
tial (GWP) fluorized gasses (such as nitrogen trifluoride
or, even more so, sulphur hexafluoride) in processes like
chamber cleaning. All three studies found potential emis-
sions of these gasses to significantly contribute to the
life-cycle GHG emissions of PV modules. Furthermore,
Fthenakis et al. [10] show the usage of NF3 to be increas-
ing in the last decade. Therefore, we take into account the
application of the high GWP gases in chamber cleaning.

As mentioned before, the environmental performance of
conventional, crystalline silicon PV is relatively well estab-
lished, contrary to SHJ solar cells. To date, only one LCA
on SHJ cells has been published [12], which analyses cells
and modules as developed within the HETSI project [6].
Therefore, a sub-project within the FLASH programme is
focused on establishing the environmental performance of
SHJ cells, taking into account the design changes inves-
tigated within FLASH. Furthermore, we hope to quantify
the possible benefits, in terms of environmental impact, of
the lower temperature processes (compared with conven-
tional silicon solar cells) used during the production cycle,
and quantify the effect of increased efficiency. There-
fore, we performed an LCA on an existing SHJ solar cell
design as well as potential future designs. In our study,
we assessed the environmental impact (in terms of green-
house gas emissions), the energy pay-back time (EPBT)
and the cumulative energy demand (CED) of these cells.
With our results, we hope to be able to steer the R&D
towards improved environmental performance of SHJ solar
cells. Additionally, we take into account the effect of the
application of high GWP greenhouse gasses for cleaning of
process chambers. We analyse these parameters for a crys-
talline silicon system as reference, and for four different
SHJ cell designs.

2. METHODS

2.1. Life-cycle assessment

The environmental performance of SHJ cells was deter-
mined by employing LCA, to quantify the material and
energy flows and associated emissions of, for example,
greenhouse gases. LCA is a well-established method to
analyse the environmental performance of products and
services, and its application is standardized by ISO stan-
dards [13,14]. In addition, the IEA PVPS Task 12 has
published guidelines specific to LCA of photovoltaic sys-
tems [15]; these guidelines were followed in this study.
According to the ISO standards, LCA consists of four dis-
tinct phases: (i) goal and scope definition; (ii) life-cycle
inventory (LCI); (iii) life-cycle impact assessment; and (iv)
interpretation. The second phase (LCI) consists of gather-
ing and presenting the data used as input for the analysis
of environmental impact. The data gathered here and our
approach are detailed in Section 2.3.
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The life-cycle inventory was prepared, and the life
cycles were modelled using SimaPro v7.3 [16], a widely
applied LCA software tool. The life-cycle impact assess-
ment was also carried out using this software, which has
built-in impact assessment methods. For life-cycle GHG
emissions, we used the ‘IPCC 2007 GWP 100a’ (v1.02)
method, based on the fourth assessment report by the IPCC
[17]. CED was analysed with the ‘Cumulative Energy
Demand’ (v1.08) method. For more information on these
impact assessment methods, see Section 9.

Although a full LCA would include impacts assess-
ment in other categories, such as human or ecosystem
toxicity, we do not consider the data we have gathered suit-
able for such assessments. Furthermore, as shown in [18],
CED is a strong indicator for environmental impacts in
other categories. Additionally, GHG footprint is arguably
the most important indicator of the environmental perfor-
mance of renewable energy technologies, as these tech-
nologies mainly enjoy public support for reducing the
global warming impact of our energy supply.

In this study, we assumed a performance ratio (PR) of
the solar cells of 75%, at an insolation of 1700kWh m–2y–1

(Southern European insolation), as recommended by IEA
guidelines [15] with a lifetime of 30 years for all compo-
nents except the inverter, for which 15 years was assumed,
requiring one replacement of the inverter in the lifetime of
the PV systems.

2.2. Scope definition

Figure 1 and Table I show the processes analysed in this
study and the main data sources for each process. Although
the main focus of this study is to analyse new solar cells,
we report the environmental impact for a complete solar
PV installation (with inverter, cabling, mounting structure,
etc.), to comply with the IEA PVPS PV LCA guidelines
[15]. Therefore, the functional unit in our LCA study
related to greenhouse gas emissions is defined as ‘one
kilowatt-hour of alternating current electricity delivered by
a PV system’.

Related to the cumulative energy demand, the func-
tional unit is a watt of (rated) peak output (Wp). As the
delivery of electricity from solar cells requires a mount-
ing structure, an inverter and other electronic components,
these were also included in the analysis (the balance-of-
system, BOS). Assuming decentralized grid connection
(in the built environment), transmission losses were not
included. Also, we did not account for the requirement
of back-up or base-load power resulting from the inter-
mittent character of PV electricity. For the functional unit
mentioned, we assessed the cumulative energy demand in
megajoule of primary energy per watt-peak (MJP/Wp) and
the life-cycle greenhouse gas emissions in carbon dioxide
equivalent emissions per kilowatt-hour (gCO2-eq/kWh).
The energy pay-back time cannot be expressed in terms of

Figure 1. Simplified process flow diagram of this study. Grey shaded boxes indicate processes analysed based on Ecoinvent (existing
data). White boxes were analysed based on (at least partly) newly gathered data. The dashed line indicates the system boundary of

this study.

Table I. Overview of processes and main data sources.

Process Main data source Remarks

Si feedstock + wafer Ecoinvent [19], literature [20] Ecoinvent data from Jungbluth et al. [19] adjusted for
wafer thickness and kerf loss based on [20].

Cleaning and texturing Equipment data [21], Ecoinvent [19]
Energy and material consumption from equipment

PECVD of a-Si Equipment data [22], literature [11]
data, materials LCI and waste treatment based on

TCO deposition Equipment data [23], Ecoinvent [19]
Ecoinvent [19,26].

Metallization Equipment data [24,25], Ecoinvent [19]

Module Ecoinvent [19], literature [27,28] SHJ module adapted from Ecoinvent based on [27]
Balance-of-system Ecoinvent [19] Area related parameters adapted based on assumed

module efficiencies.

TCO, transparent conductive oxide; PECVD, plasma enhanced chemical vapour deposition; LCI, life-cycle inventory.
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the defined functional unit and therefore relates to the PV
system composed of modules and BOS. All studied SHJ
cell designs are assumed to use the same BOS.

2.2.1. Temporal scope

The main aim of the study is to analyse the solar
cell designs investigated within FLASH, based on the
application of current state-of-the-art production methods.
However, a secondary aim is to analyse the solar cells
in a prospective context. For the latter, we performed a
prospective LCA to establish the potential environmen-
tal performance of the SHJ cell designs in the year 2020.
To this end, we analysed developments in improved pro-
duction processes and reduced material use. Taking these
developments into account, we developed conceptual evo-
lutions of the four current designs we discuss in the next
section. In section 2.3, we discuss these conceptual designs
and the rationale behind them.

2.2.2. Designs studied

In this study, we analysed four different SHJ solar cell
designs. Figure 2 shows a graphical representation of these
designs, showing the structure of devices and the used
materials. Table II lists the design elements for all cells.
Although both cells in our project are still in a developmen-
tal stage, the analysis was performed for industrial scale
production of these cells.

In the analysis, it was assumed that in all designs a
monocrystalline Cz silicon wafer of 180 �m thickness is
used. In the reference design (Figure 2), the cells con-
sist of the wafer, with two layers of amorphous silicon
on both sides (deposited by plasma-enhanced chemical
vapour deposition, PECVD) and a transparent conductive
oxide (TCO) composed of indium-tin-oxide (ITO) layer on
the top of the cells, deposited via sputtering.

First, saw-damaged is removed from the wafers, and
the wafers are cleaned and textured. For all designs, we

Figure 2. Schematic representation of the four silicon heterojunction cell designs analysed in this study. Reference, Novel Emitter
and atomic layer deposition design based on: [29,30]. Cu-plated interdigitated back contacted design based on [31] and [32].

Table II. Overview of cell design parameters for the different designs studied, for current and prospective designs.

Reference SHJ Novel Emitter ALD AlO ZnO IBC Cu-plated

Cell parameters Current Prospective Current Prospective Current Prospective Current Prospective

Wafer type mono-Si (n) mono-Si (n) mono-Si (n) mono-Si (n) mono-Si (n) mono-Si (n) mono-Si (n) mono-Si (n)

Wafer thickness 180 �m 50 �m 180 �m 50 �m 180 �m 50 �m 180 �m 50 �m

Passivation a-Si:H a-Si:H a-Si:H a-Si:H Al2O3 Al2O3 a-Si:H a-Si:H

Emitter a-Si:H (p) a-Si:H (p) nc-SiOx nc-SiOx
ZnO ZnO

a-Si:H (p) a-Si:H (p)

TCO ITO ZnO:B - ITO ZnO:B

BSF a-Si:H (n+) a-Si:H (n+) a-Si:H (n+) a-Si:H (n+) a-Si:H (n+) a-Si:H (n+) a-Si:H (n+) a-Si:H (n+)

Metallization Silver print Cu print Silver print Cu print Silver print Cu print Cu-plated IBC Cu-plated IBC

Cell area
�
mm2� 156�156 156�156 156�156 156�156 156�156 156�156 156�156 156�156

Cell efficiency 20.4% 25% 20.4% 25% 20.4% 25% 20.4% 25%
Module efficiency 18.4% 23.5% 18.4% 23.5% 18.4% 23.5% 18.4% 23.5%

TCO, transparent conductive oxide; BSF, back surface field; ALD, atomic layer deposition; IBC, interdigitated back contacted.
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assume a saw-damage removal using a sodium hydroxide
(NaOH) bath, before a standard RCA clean and a hydrogen
fluoride (HF) dip. After this, the (i) a-Si:H and (p) a-Si:H
layers are deposited on the front side of the wafer. Next,
the (i) a-Si:H and

�
n++� a-Si:H layers are deposited on the

backside, followed by deposition of the ITO on the front
side. Metallization is then evaporated onto the backside
and screen-printed on the frontside. Curing is performed at
low temperature of about 200ıC [7].

The multifunctional emitter design is largely the same;
with the exception that the emitter and TCO are combined
in one silicon layer deposited via PECVD.

The third design again has a similar structure. Here,
however, no a-Si:H is deposited, but instead, emitter
and TCO are made with aluminium oxide (Al2O3) and
zinc oxide (ZnO), deposited with ALD en sputtering,
respectively.

The last design studied has a very different structure;
it is an interdigitated back contacted (IBC) SHJ solar cell.
The cell is again based on a silicon wafer and a-Si:H
thin layers. The antireflective coating is formed by depo-
sition (PECVD of SiNx). Metallization for this design is
achieved by copper plating. For the interdigitated struc-
ture, a production process was modelled on the basis of
a method developed by Q-Cells [31]. This process uses
masks for selective etching and deposition of a-Si:H layers
and deposition of the TCO and metallization.

The monocrystalline system was analysed on the basis
of data available in the Ecoinvent database. These data
were modified only to correct for the use of 180�m wafers,
as Ecoinvent features thicker wafers.

Cell and module efficiency

Silicon heterojunction cells offer high conversion effi-
ciencies compared with standard monocrystalline cells.
The current record SHJ cell has a conversion efficiency of
25.6%, the highest of any crystalline silicon-based (non-
concentrator) technology [33]. On a production scale, SHJ
modules also offer high efficiencies, although the market-
share of these modules is limited. Current production scale
cells have conversion efficiencies of 21.6% [34], while
SHJ module efficiency is on average 18.4% [35]. Standard
monocrystalline modules are produced by a large variety
of PV manufacturers, and as such, the module area effi-
ciency varies quite a lot. An average module introduced
in 2012 had an efficiency of 16.1% [35]. For our study,
we assume module efficiencies of 18.4% and 16.1% for
current SHJ and monocrystalline silicon modules, respec-
tively. For cell efficiencies, we assume a constant cell to
module efficiency loss of 2%-point, thus cell efficiency
is assumed to be 20.4% and 18.1%, for current SHJ and
monocrystalline silicon cells, respectively. Although it is
reasonable to assume that design changes will result in
changes to rated cell efficiency, and thus each of the
devices studied to have a specific efficiency, we have
assumed that all the studied SHJ cell designs to have equal
cell efficiency. With the absence of accurate efficiency
measurements of these designs that are still under develop-

ment, this harmonization of cell efficiency highlights the
effects of differences in cell processing on environmental
performance.

2.2.3. Modules

For the most important parts, module design is similar
for conventional crystalline and SHJ cell-based modules;
however, there are some differences. First of all, as the
a-Si layers on SHJ cells are sensitive to heat and cannot
be heated above 200ıC [7], cell interconnection cannot be
performed with traditional soldering but instead is made
with conductive adhesive that is cured at low temperature.
Furthermore, SHJ cells are more sensitive to moisture [27].
Therefore, the backsheet of SHJ cell-based modules must
have a much lower moisture vapour permeability. One way
to obtain a lower moisture vapour permeability is to embed
a layer of aluminium foil in the backsheet, a method com-
monly used for thin-film PV applications. Application of
aluminium foil decreases the water vapour transmission
rate significantly, from a value of 2.4g/m2/day for standard
backsheet (PVF-PET-PVF) to a value of 5 � 10–4g/m2/day
[28]. In our analysis, we assume standard module materi-
als for c-Si based on ecoinvent [19], and replacement of
traditional solder with conductive adhesive and addition
of 100�m thick aluminium foil in the backsheet for the
SHJ designs.

2.3. Prospective 2020 scenario

In this section, we will develop a scenario for the future
state of SHJ technologies. R&D for SHJ cells focusses
on several aspects: replacing scarce or expensive materi-
als, using thinner wafers, and optimizing designs to reach
higher conversion efficiencies. Apart from cell R&D, we
expect more focus on BOS components, as these are
becoming more significant in terms of overall system costs
(due to decreasing module prices) and are significant in
terms of environmental impact. Table II list the design
elements for the current and prospective designs.

2.3.1. Developments in wafer production

Crystalline silicon wafers contribute significantly to
both environmental impact and production costs of SHJ
solar cells and PV systems. As a result, wafer manufac-
turers focus on decreasing high-quality silicon losses and
wafer thickness. As Goodrich et al. [36] and Mann et al.
[32] for instance show, wafer production is assumed to
become kerf-less, with wafer thicknesses decreasing to
under 50 �m. For the prospective scenario, we will assume
production of wafers of 50 �m thickness with kerf losses
of 50 �m.

2.3.2. Increased cell efficiency

Ongoing R&D on SHJ solar cells has increased the
record cell efficiency from 12.3% [7] in its first implemen-
tation by Sanyo Corp in 1990, to 21.3% in 2001 [7] up
to the current record of 25.6% announced in April 2014
[34], which is stated by Panasonic to be the highest of any
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crystalline silicon-based solar cell of over 100cm2 (with a
thickness of 98 �m). Especially between 2001 and 2013,
the trend of efficiency increase seems to be quite linear.
However, future developments will likely converge to a
maximum if the basic technology does not undergo fun-
damental changes. For the 2020 scenario, we therefore
assume a 25% cell area conversion efficiency in production
and 1.5%-point cell to module losses, resulting in 23.5%
module area efficiencies.

2.3.3. Chamber cleaning and abatement

Currently, PECVD tools commonly rely on the appli-
cation of high GWP gases in order to clean the vacuum
chambers of silicon and other contaminants deposited on
the chamber surface. Emissions of these substances can
lead to a strongly increased GHG footprint of PV mod-
ules [11]. Cleaning regimes using low GWP gases such
as fluorine (F2) have been developed, leading to a strong
reduction in the GHG footprint of chamber cleaning [37].
For the Prospective 2020 designs, we assume chamber
cleaning to be performed with F2 gas replacing the high
GWP NF3 used currently. We assume the same amount of
F2 is used as NF3 in the current scenario.

2.3.4. Metallization

As mentioned before, current solar cell designs mainly
rely on screen printed silver based metallization. The con-
tribution of this silver-based metallization to the overall
price of the solar cells is quite significant. Furthermore, the
supply of silver is expected to become a main constraint
when the PV industry keeps growing at the high rates we
have seen over the last decade [38,39]. Therefore, with
respect to metallization, two movements are observed: (i)
reduction of silver use in cells by improving metallization
pastes and printing processes and (ii) replacement of silver
with copper. The first is a fairly straight-forward approach,
but significant reductions in silver use are being reported
[38]. The shift to copper-based metallization is slightly
more challenging, but here also promising results have
been shown. Because of potential for oxidization of cop-
per, copper printing techniques were dismissed earlier on.
Especially during the drying process, exposure of copper
pastes to (hot) air leads to significant degradation, but more
recently, good results were obtained when copper pastes
are dried in an inert atmosphere [40], although these results
were obtained on aluminium oxide substrates, not yet on
solar cells.

2.3.5. Scarce materials

To replace the most scarce materials in the current SHJ
cell designs, we have assumed all devices to be free of
both silver and indium in the Prospective 2020 case. Silver
screen printing is replaced with copper screen printing for
the Ref-SHJ, NovelEmitter-SHJ, ALD-SHJ design. ITO
is replaced with boron-doped ZnO in the Ref-SHJ and
Cu-IBC designs.

2.4. Sensitivity analysis

Various parameters influencing the environmental perfor-
mance of SHJ solar cells and systems were varied in a
sensitivity analysis to establish the impact of such varia-
tions on the overall result. In the sensitivity analysis, we
varied the following:

� module area conversion efficiency;
� the average annual insolation

�
kWh m–2y–1

�
;

� the performance ratio (actual (AC) relative to rated
(DC) electricity production); and

� source of electricity used in production processes.

The impact of module area efficiency variability is
investigated for two reasons: First, the aim of the FLASH
programme and PV R&D in general is to achieve high effi-
ciency PV cells. Furthermore, design changes could have
adverse effects on cell efficiency.

The average annual insolation was varied to analyse
the effect of using the PV systems at different locations.
Annual insolation in Europe varies from about 2000 kWh �
m–2 �y–1 in southern Greece, to less than 700 kWh�m–2 �y–1

at locations in northern Europe [41]. Within the context
of this sensitivity analysis, we were especially interested
in the results when using annual insolation figures for the
Netherlands (about 1000 kWh �m–2 � y–1).

The performance ratio determines the ratio between
actual electricity production and the theoretical produc-
tion based on annual insolation. By standard, this value is
assumed to be 75% [15]. However, research has shown that
in practice, values for PR can be lower than 65% [42] but
also higher than 90% [43].

Electricity consumption in the production process of
solar PV cells and systems is one of the main contribu-
tors of PV life-cycle GHG emissions. Large differences
exist in the GHG intensity of country specific present
and future electricity generation. In compliance with the
standards for PV LCA studies [15], we assumed the
use of European average electricity mix (UCTE), which
has an emission factor of 531 gCO2-eq/kWh. In this
study, we also investigated the impact of a variation in
these emissions.

3. LIFE-CYCLE INVENTORY

For our study, we have gathered data on material and
energy use of several processes related to SHJ cell pro-
duction. The LCIs of all material and energy inputs
were modelled on the basis of the Ecoinvent life-cycle
database [45].

For the monocrystalline system, which we analyse here
as a reference case to compare the SHJ designs with, we
have taken data from the Ecoinvent database v2.1 pho-
tovoltaics report [19]. This report gives life-cycle data
on the complete production chain of various photovoltaic

Prog. Photovolt: Res. Appl. 2015; 23:1406–1428 © 2014 John Wiley & Sons, Ltd. 1411
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cells, modules, and has a separate module for BOS com-
ponents. It includes an analysis of the silicon feedstock
and wafer production. The analysed SHJ cells we study
here are assumed to be based on wafers as analysed in the
Ecoinvent database. However, because Ecoinvent features
270 �m wafers, we have updated this data to be applicable
to 180 �m wafers. In Section 3.7, we will further discuss
our approach.

Module materials and BOS components were also mod-
elled with Ecoinvent data, but for SHJ modules, we used
a slightly different module structure (Section 2.2.3. The
amount of module materials needed was assumed to be
directly related to module area.

For the SHJ specific processes, as much as possible,
we have gathered new data. Table I shows an overview
of the studied SHJ processes and main data sources.
The following sections detail our approach for each cell
processing step.

3.1. Wet etching: cleaning/texturing

Wet chemical etching is performed in order to clean the
wafers, removing saw damage, metal particles and oxides
formed on the wafer surface. Additionally, if required, wet
etching can create a textured wafer surface to enhance light
trapping, the latter being especially important for thinner
wafers [7]. The cleaning process, including the chemicals
used for cleaning, and the number of cleaning steps, can
have significant effect on device performance [7]. For the
processing step in which the wafers are cleaned, we anal-
ysed the material and energy use of several wet etching
lines in a market survey [21]. All water and material used
was assumed to be treated as industrial waste water, waste
handling was analysed based on Ecoinvent data [19].

Wet etching is not as energy intensive as other cell
processing steps, as electricity is mainly used for trans-
portation of cells through the chemical baths and drying of
the cells after treatment, and the processing occurs at low
temperatures (ambient to 100ıC). Common listed through-
put rates are either 2400 or 3200 wafers/h, with a max-
imum reported of 6450 wafers/h. Energy use, expressed
per 1000 wafers/h of throughput, ranged from 3.13 to
37.5 kWh/h and was on average 15.7 ˙ 5.9kWh/h, and
thus 0.647kWh per m2 of cell area. Water consumption
(de-ionised), expressed per processed wafer, ranged from
0.3 to 1.3 L/wafer and was on average 0.8 ˙ 0.2 L/wafer,
or 33.4L/m2 of cell area.

Specifications on etchant consumption in the survey
is quite limited; as for most tools, it was reported to be
dependent on customer requirements. Only for four tools
it was mentioned and values reported ranged from <1 to
<2 mL/wafer. As mentioned in Section 2.2.2, we assumed
a three-step wet etching process: (i) a NaOH bath for saw-
damage removal; (ii) a standard RCA clean; and (iii) an
HF dip. The NaOH consumption was modelled on the
basis of Ecoinvent, while the RCA clean and HF dip mate-
rial consumption was based on the etchant consumption
figures mentioned earlier, and own estimations. The input

data for wet chemical etching treatment is summarized in
Table A.1.

3.2. Thin-film deposition - PECVD and ALD

For the PECVD process, we used specifications from seven
different PECVD tools designed to deposit amorphous sil-
icon layers for thin-film a-Si PV devices that were reported
in a market survey [22]. The survey lists the following
specifications for several inline, turn-key PECVD lines
from a variety of manufacturers:

� throughput, which is expressed in substrates/h;
� average energy consumption in kWh/h;
� water consumption in L/h; and
� deposition rate in nm/s.

We calculated energy and water consumption per unit of
cell area with the approach detailed in Section 9. Material
(SH4, H2, O2) consumption was modelled on the basis of
data from [11]. We assumed material use in this processing
step to linearly scale with a-Si layer thickness. According
to the specifications listed in the survey [22], the start-up
for the PECVD process (pre-heating and creating the vac-
uum) accounts for a significant fraction of total PECVD
related electricity consumption. Optimally, all a-Si lay-
ers are deposited without breaking the vacuum. However,
many current production lines do not offer this possibility.
For this study, we assumed that the deposition is executed
in two steps: one for each side of the solar cell, resulting in
two load-deposition-unload cycles for the deposition of all
a-Si:H layers. Process parameters for PECVD deposition
is shown in Table A.2.

3.2.1. Chamber cleaning

As mentioned in the introduction, the cleaning of CVD
chambers for thin-film deposition is often performed with
high GWP fluorized gases, such as NF3 and SF6 [10].
To account for the application of these gases, we have
included the effect of chamber cleaning in our study. The
specifications listed in the survey of thin-film deposition
equipment [22] list the employed cleaning gas and required
downtime. For our study, we based the cleaning regime
on that mentioned by Van der Meulen et al. [11], which
investigates the application of NF3 and for cleaning of
PECVD tools, and the amounts of these gasses needed
per m2 of cell area. We have scaled these amounts to
account for the thickness of the a-Si layer deposited, as the
cleaning requirement is related to the amount of material
(silane) deposited on cells and thus in the reactor. Further-
more, we assumed use of NF3, not SF6, as most of the
tools in the survey [22] are specified to use NF3 for the
cleaning process.

3.3. Exhaust gas abatement

Data from a survey on point-of-use gas abatement systems
[44] was used to calculate the energy and material require-
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ment of gas abatement, during production as well as during
cleaning of the reactors. Table A.3 lists the process data for
gas abatement we have gathered in this study and used in
our analyses. It was assumed that exhaust gases from both
the PECVD and ALD reactors are treated in these point-
of-use abatement systems, while the exhaust gas from the
TCO sputtering tool is assumed to be vented, as sputter-
ing does not rely on gaseous precursors such as silane
or trimethylaluminium that are in the exhaust gas in high
concentrations after deposition, but rather consists of argon
with low concentrations of contaminants.

3.4. TCO sputtering

Transparent conductive oxide deposition is performed on
commercial scales with two technologies: sputtering and
evaporation. For our study, we assumed TCO layers to
be deposited with a sputtering tool. Data we took from a
survey [23] give the following equipment specifications:

� throughput in terms of deposition area per hour;
� utilization rate of target material;
� water consumption; and
� average power consumption.

With this information, we calculated the energy and
water consumption per wafer area processed. With an
average throughput of 90.6m2/h and an average power
consumption of 564.6 kWh, we calculated the energy
consumption per m2 cell area to be 6.3 kWh. Water con-
sumption (for cooling) was calculated to be 547.2L m–2

cell area. The utilization rate (74%), combined with an
assumed TCO layer thickness of 80 nm, was used to cal-
culate the target material consumption per unit of cell area.
An 80-nm thick layer of ITO on both sides has a volume of
0.08 cm3. With an ITO density of 7.14 g �cm–3, this results
in an ITO consumption per m2 wafer area of 1.54 g. Of
this 1.54 g, 0.4 g is lost (not utilized) during the deposi-
tion process. Cooling water consumption was reported to
be on average 547 L/m2 cell area. The process parameters
for TCO deposition are summarized in Table A.4.

Energy use of the different sputtering lines was found
to be quite variable, leading to a large uncertainty in this
parameter for TCO sputtering in general. An attributional
LCA of SHJ solar cells where there is data on the specific
tool used could improve the results for the sputtering pro-
cess. However, as this is a prospective LCA focusing on
comparing design alternatives, we have chosen to use aver-
age values for each production process. In Section 7, we
discuss the uncertainty in the data of various processing
steps on the overall results.

3.5. Screen printing

For screen printing, we took our data from a survey
[24] which shows the specifications of 19 different screen
printing tools from eight different suppliers. These specifi-
cations listed the following:

� throughput in wafers/h;
� maximum power consumption in kW; and
� compressed air consumption in L/h.

We assumed power consumption to be at maximum
for maximum throughput and used the given values for
throughput, wafer size and power consumption to calcu-
late the energy use and compressed air use per m2 of
cell area. Power consumption was reported to be 0.133 ˙
0.05 kWh/m2 cell area on average, ranging from 0.02 to
0.41 kWh/m2. Compressed air consumption was reported
to be 273 ˙ 102 L/m2. Process parameters for screen
printing are listed in Table A.5.

Metallization paste use was based on data from ecoin-
vent, which states, including losses, a paste usage of
180 mg/wafer for the front side silver grid of a con-
ventional crystalline silicon solar cell. We assumed the
metallization to be equal for front and backside, but that
metallization requirements to be double that of a conven-
tional crystalline silicon solar cell, resulting in a total use of
720 mg/wafer, which we consider to be a conservative esti-
mate. We assumed the difference in terms of environmental
impact between the conventional, high temperature silver
pastes and the specific low-temperature pastes used for
SHJ cells to be negligible, as over 99% of the environmen-
tal impact of the conventional paste in Ecoinvent is a result
of the use of silver (which has high levels of embedded
energy), which is still a main material in low-temperature
pastes.

With screen printing, like with wet etching, energy
use is not as significant an impact compared with, for
instance, deposition processes. Material use in the form of
the amount of silver consumed is however important, in
terms of environmental impact because of the high level of
embedded energy in silver [45], and furthermore in terms
of cost as the silver paste used is expensive. Research
and development of silver pastes and printing techniques
focus on reducing silver consumed. We use a conservative
estimate for the current designs.

3.6. Cu-plating

Copper electroplating is a technology that is not used in
commercial solar cell production yet. However, as reduc-
tion of silver use and complete replacement of silver
for contact metallization is being intensively investigated,
many R&D groups are publishing on copper plated solar
cells. A quite limited number of companies now offer com-
mercial scale electroplating tools for solar cells. These
tools commonly rely on a plating sequence in which layers
of nickel, copper and silver or tin are plated onto a solar
cell. The nickel layer serves as a seed layer for copper plat-
ing, and at the same time forms a barrier against copper
diffusion into the cells. It has been stated however that the
ITO layer used in SHJ cells also is effective in prevent-
ing copper diffusion. The last step of the plating process
is to coat the copper gridlines with a thin layer of silver,
to prevent corrosion of the copper while maintaining good
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conductivity. Cost considerations could result in using tin
for this final step; however, tin is much less conductive
compared with silver.

For the plating process, we assume the complete pro-
cess to consist of three steps. First, the barrier/seed layer
(1 �m thickness) of nickel is plated onto the cells, after
which a copper layer is plated (7�m). Finally, the copper-
plated contacts are covered with a thin layer (0.1�m) of
silver to prevent corrosion of copper. The process material
and energy requirements are based on the specifications of
the Meco DPL plating tool and personal communications
[46].

The specifications of the Meco plating tool shows a
throughput of 3000 wafers/h at a maximum power con-
sumption of 100 kW, resulting in an energy consumption of
(max) 1.37 kWh/m2 of cell area. Rinse water consumption
was reported to be 100 L/h, or 1.37 L/m2 cell area.

The material requirements mainly result from two fac-
tors, namely (i) electrolyte consumption due to deposition
of metals on the cell and (ii) electrolyte drag-out by the
cells when they move out of the plating baths. Plating drag-
out is mentioned in the process tool specifications in [25]
but varies strongly from one tool to the other (from 0.003 to
0.5 mL/wafer). However, we assume that most of the elec-
trolyte consumption is resulting from the deposition of the
metals, and not from the drag-out. Assuming a line width
of 50 �m and metal layer thicknesses as mentioned earlier,
and an equal amount of gridlines compared with conven-
tional screen printed metallization (resulting in a strong
reduction of metal use per wafer compared to screen print-
ing), we calculate the material consumption requirements
to be the following:

� 3.66 mL/m2 cell area of nickel electrolyte;
� 23.9 mL/m2 cell area of copper electrolyte;
� 0.56 mL/m2 cell area of silver electrolyte; and
� 1.3 mL/m2 cell area of rinsing water (de-ionised).

We assume all used rinsing water to be treated as liquid PV
effluent waste. Process parameters for copper-plating are
shown in Table A.6.

3.7. Wafers

The Ecoinvent database lists the requirements of wafer
sawing from monocrystalline silicon ingots, including
silicon use per wafer, electricity and heat use, sawing
abrasives (silicon carbide) and materials for cleaning of
wafers and treatment of sawing slurry. The data in Ecoin-
vent is based on wafer thickness of 270� m and kerf
losses of 180 � m. We assumed kerf losses to be 130� m
per 180� m wafer, based on a saw wire diameter of
120 �m [20,36]. Therefore, total silicon consumption
was adjusted by a factor (180 �m + 130 �m)/(270 �m
+ 180 �m), while processes and material consumption
related to treatment of kerf losses were adjusted by a factor
of (130 �m)/(180 �m). Energy use and requirements for

packaging of the wafers were assumed to be unaffected by
the assumed reduction in kerf losses.

4. RESULTS - CURRENT DESIGNS

4.1. Results for cell designs

The LCI for the different SHJ designs is shown in Table III.
The resulting environmental impact is shown in Figure 3,
modelled based on cell efficiencies of 18.4%. When we
examine the production processes for the four different
SHJ cells (Figure 3), we can see that all of the new SHJ
designs improve upon the environmental performance of
the reference design (in terms of GHG emissions per Wp).
The Novel Emitter SHJ design shows the smallest GHG
footprint, largely due to replacement of the sputtered TCO
layer. However, the increased requirements of PECVD for
nc-SiOx:H layer slightly negate these benefits in terms of
GHG emissions per Wp.

The CuIBC-SHJ design benefits from the replacement
of silver with copper, but these benefits are offset due
to increased PECVD requirements. Although total a-Si
layer thickness is not increased for this design, startup
of the PECVD equipment (creating vacuum and preheat-
ing) is quite energy intensive, while the actual deposi-
tion process is quite short. Thus, preferably, the various
PECVD processing steps should be performed in a sin-
gle PECVD chamber or in multichamber tools without
breaking vacuum.

The results for the ALD SHJ design show the decreased
energy consumption of using ALD instead of PECVD as
a thin-film deposition process. The energy consumption
of ALD equipment (expressed per m2 cell produced) is
almost 90% lower according to the equipment data we
reviewed [22,23]. This results in a decreased environmen-
tal impact for the ALD design with ZnO/Al2O3.

Obvious for all silver metallization based designs
is the large contribution of cell metallization. Copper-
electroplating the contacts appears to significantly reduce
this contribution, as can be seen from the results from the
IBC Cu-plated design. This reduction is mainly due to the
high amount of embedded energy (and thus GHG emis-
sions) in silver compared with copper. For copper plating,
a major contribution to the GHG footprint comes from the
electricity used in the plating process.

The results for cumulative energy demand demonstrate
a similar decrease in environmental impact of the new
SHJ designs compared with the reference SHJ designs;
however, here, the improvement of the copper plated
design relative to the reference SHJ design is smaller.
This is due to the fact that the CED impact assess-
ment only looks at primary energy used and does not
take into account the GHG intensity of the energy used.
Energy intensive processes at the end of the process chain
often have a lower GHG footprint per unit of energy
compared to processes at the beginning of the process
chain. As the copper plated IBC design requires more
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Table III. Main life-cycle inventory results for material and energy use of cell production processes of current silicon heterojunction
cell designs.

Unit
Process input (per m2 cell area) Ref-SHJ NovelEmitter-SHJ ALD-SHJ CuIBC-SHJ Source

Texturing/cleaning
Water (deionized) L 33.43 33.43 33.43 33.43 [21]
Electricity kWh 0.647 0.647 0.647 0.647 [21]
Hydrogen fluoride kg 0.095 0.095 0.095 0.095 [21], a
Sodium hydroxide kg 0.156 0.156 0.156 0.156 [21], a
Hydrogen Peproxide kg 0.056 0.056 0.056 0.056 [21], a
Hydrochloride acid kg 0.061 0.061 0.061 0.061 [21], a
Ammonia kg 0.011 0.011 0.011 0.011 [21], a
Compressed air m3 0.25 0.25 0.25 0.25 [47]
Fluid waste L 33.5 33.5 33.5 33.5 Water and
to treatment unused etchants

Thin-film deposition
PECVD of a-Si:H

Electricity kWh 6.59 7.14 3.29 9.88 [22]
Water L 394 449 197 591 [22]
Silane g 1.62 4.21 0.81 2.43 [11]
Hydrogen g 2.42 6.29 1.21 3.63 [11]
Oxygen g 0.26 0.68 0.13 0.39 [11]
Boron trifluoride g 0b 0b — 0b [11]
NF3 for cleaning g 2.2 5.6 1.1 4.1 [11]
Gaseous waste L 29.0 60.9 55.1 14.5 Unused inputs
to abatement and NF3

ALD
Electricity kWh 0.29 [23]
TMAc g 0.19 [23]
Oxidantd g 8.59 [23]
Nitrogen kg 0.11 [23]
Water L 23.11 [23]
Gaseous waste L — — 360 — Unused inputs
to abatement

TCO Sputtering
Electricity kWh 6.3 — 6.3 6.3 [23]
Water L 511.82 — 511.82 511.82 [23]
ITO g 2.74 — — 1.37 [23]d

ZnO g — — 1.08 — [23]d

Metallization
Screen printing

Electricity kWh 0.524 0.524 0.524 [24]
Compressed air m3 1.096 1.096 1.096 [24]
Silver paste g 29.6 29.6 29.6 [19,36]

Cu printing
Electricity kWh 0.131 0.131 0.131 [24]
Compressed air m3 0.274 0.274 0.274 [24]
Cu paste g 29.6 29.6 29.6

Cu plating
Electricity kWh 1.37 [25]
Ni plate solution mL 3.66 [46,48], e

Cu plate solution mL 23.9 [46,48], e

Ag plate solution mL 0.56 [46,48], e

Water deionised L 1.3 [25]
Fluid waste L 1.3 Water and
to treatment unused electrolytes

Curing
Electricity kWh 0.31 0.31 0.31 n.a.f
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Table III. Continued.

Unit
Process input (per m2 cell area) Ref-SHJ NovelEmitter-SHJ ALD-SHJ CuIBC-SHJ Source

Gas abatement
Electricity kWh 0.045 0.11 0.033 0.085 [44]
Water L 1.2 3.0 0.87 2.2 [44]
Oxygen g 5.1 13 3.9 9.8 [44]
Nitrogen g 4.3 11 3.3 8.2 [44]
Propane g 3.3 8.6 2.5 6.3 [44]
Compressed air L 14 36 10 26 [44]

PECVD, plasma enhanced chemical vapour deposition; ALD, atomic layer deposition; TCO, transparent conductive oxide.
aOwn estimations.
bAssumed negligible.
cTrimethylaluminium: a common precursor for thin-film aluminium oxide deposition.
dOwn calculation based on utilization rate in [23].
eOwn calculations.
fIncluded in Cu-plating.

Results for cell processing

Metallisation PECVD TCO Chamber Clean Cleaning/Texturing ARC ALD

Figure 3. Comparison of the life-cycle greenhouse gas emissions (left) and cumulative energy demand (right) caused by cell process-
ing for the production of the silicon heterojunction cell design alternatives. Totals are indicated in bold above the bars. Results are

modelled based on cell efficiencies of 20.4% and 25% for current and prospective cells, respectively.

energy intensive (but less material embedded energy)
processes, this results in a decrease of the improve-
ment in terms of CED, compared with the reference
SHJ design.

4.2. Results for complete systems

4.2.1. Life-cycle GHG emissions for systems

The results for complete PV systems based on the
designs studied are shown in Figure 4, for both GHG
emissions per kWh as well as the EPBT of the systems.
Additionally, for this section, we compare the results to
a conventional monocrystalline silicon (c-Si) PV system.
The results obtained were modelled on the basis of

From Figure 4, it is quite obvious that the cell pro-
cessing steps shown earlier do not contribute very much
to the overall emissions and EPBT associated with the

systems. The majority of the environmental impacts results
from the silicon wafer and its feedstock (about 38–40%)
the balance-of-system (about 300–33%) and the module
materials (around 20–23%).

Compared with the monocrystalline system, the SHJ
systems improve the environmental impact (both in terms
of GHG emissions and EPBT) with 15%. Excluding the
(non PV-type specific) BOS, this difference increases to
17%. The difference between the monocrystalline system
and the SHJ systems is mainly due to the increased effi-
ciency of the SHJ designs, and only slightly due to the
improvement of the production process (which is per-
formed at a lower temperature). Thus, these results empha-
size that in order to obtain significant reductions in the
GHG footprint of PV systems, issues like module effi-
ciency, silicon material usage and production efficiency,
and module and BOS material and energy use need to
be addressed.
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Feedstock Ingot Wafering BOS Module Cell Processes

Figure 4. Results for complete photovoltaic (PV) systems. Left: Comparison of the life-cycle greenhouse gas emissions of the
monocrystalline and silicon heterojunction (SHJ) PV systems. Right: Comparison of the energy payback time of the monocrystalline
and two SHJ PV systems. Totals are indicated in bold above the bars. Results are based on insolation of 1700kWh m-2year-1, PR

of 0.75 and module-area efficiencies of 16.1% and 18.4%, respectively, for current c-Si and SHJ modules and 19.5% and 23.5%,
respectively, for prospective c-Si and SHJ modules.

4.2.2. EPBT for systems

Figures 4 also shows the results for energy payback
time. These results show a similar trend, with higher
environmental impact for the monocrystalline PV system
compared with the SHJ systems. As we have seen earlier,
feedstock, ingot and BOS contribute most to the overall
result. The strong similarities between the results for GHG
emissions and CED/EPBT confirm the notion that CED
can be an indicator for other environmental impacts, as
described in literature [18,49].

5. RESULTS - PROSPECTIVE 2020
DESIGNS

As mentioned in earlier sections, we performed a prospec-
tive analysis of the four SHJ designs. For this prospective
analysis, we assumed the use of thinner (50 � m) wafers,
the use of more abundant materials (replacing silver and
indium) and an increase of cell conversion efficiency due to
optimization of cell processing steps. For a review of these
prospective designs, see Table II and Section 2.3.

The results for the prospective analysis are shown in
Figures 3 and 4. Figure 3 shows the results for cell pro-
cessing, whereas Figure 4 shows the results for complete
systems based on these prospective designs.

5.1. Prospective 2020 cell processes

Figure 3 shows that the prospective designs have a strongly
improved environmental performance compared to the cur-
rent designs, as GHG emissions per Wp drop by 44%,
48%, 46% and 29% and CED (in MJP/Wp) drops by
39%, 44%, 40% and 17%, respectively, for the Ref-SHJ,
NovEmit-SHJ, ALD-SHJ and CuIBC-SHJ designs. The

improvement is mainly due to the assumed increase of effi-
ciency (which decreases the impact of all categories by a
factor of �current/�prospective) and the replacement of silver
with copper printing, which reduces the impact of metal-
lization with 84% for copper printing compared with silver
printing. The relative impact of thin-film deposition pro-
cesses does however strongly increase. The environmental
performance of the devices relative to each other do not
change much, as the main improvements have an effect
on all designs. The improvement of the Cu-IBC design is
not as pronounced compared with the other designs, as the
current Cu-IBC design already has copper-based contacts.
This shows that, based on our assumptions, copper printing
has a lower environmental impact compared with copper
plating, mainly due to lower energy use for the printing
process.

5.2. Prospective 2020 systems

The results for the systems based on the prospective
designs (Figure 4) show that the assumed increase of
efficiency and strongly decreased silicon use (due to the
thinner wafers) has a very strong effect on the environ-
mental performance of the PV systems. From current to
prospective systems, the GHG emissions per kWh are
reduced with about 40% and the energy pay-back time is
reduced with about 43–44%, for all systems. The environ-
mental impact of the systems is 25 gCO2-eq/kWh for the
c-Si design, compared with 20–21 gCO2-eq/kWh for the
prospective SHJ designs, while EPBT is 1.2 and 1 year,
respectively. The relative contribution of BOS and module
materials is however increased to well over half of the total
GHG emissions and EPBT, emphasizing again the need
for alternative module materials and improvements in the
production of BOS components.

Prog. Photovolt: Res. Appl. 2015; 23:1406–1428 © 2014 John Wiley & Sons, Ltd. 1417
DOI: 10.1002/pip



LCA of current and prospective silicon heterojunction solar cells A. Louwen et al.

6. SENSITIVITY ANALYSIS

To analyze the effect of changes in various parameters on
the overall results, we performed a sensitivity analysis. We
varied insolation, Performance Ratio (PR), greenhouse gas
intensity of electricity used during the production process,
and cell efficiency. Table IV summarizes the ranges over
which we varied these parameters.

The results for the sensitivity analysis are shown in
Figures 5 and 6. Figure 5 shows that for the ranges anal-
ysed, the results are most affected by changes in the annual
insolation on the PV system and, to a lesser degree, to
the observed range of the performance ratio. Changes in
these two parameters have the same effect on the over-
all results, as they both determine how much electricity
is produced in the PV systems’ lifetime. Therefore, the
effect of these parameters relates to all system components.

The results show that location, correct (optimal) instal-
lation, performance monitoring and maintenance are
strongly influencing the life-cycle GHG emissions asso-
ciated with PV generated electricity. The analysis for
insolation shows that emissions almost double for PV sys-
tems operated in the Netherlands compared with Southern
Europe. However, we did not account for the lower operat-
ing temperatures, with concomitant larger PR values, that
PV systems would encounter in lower insolation areas. The
effect of changed efficiency on the overall result is much
lower, as the range of efficiencies investigated is relatively
much smaller.

Aside from insolation and PR, we analysed the effect
of changes in module area efficiency and the GHG inten-
sity of the electricity used to produce the cells (direct
electricity) and complete systems (all electricity). Changes
in module area efficiency affect almost all components of

Table IV. Overview of the ranges investigated in the sensitivity analysis.

Parameter Min Baseline Max

Insolation
�
kWh�m2 � y–1

�
1000 1700 2500

PR 0.5 0.75 1.0
Electricity GHG

�
gCO2-eq/kWh

�
0 531 1060

Module efficiency (rel. to baselinea) 75% 100% 125%

a Baseline module efficiency figures are 16.1% for the reference crystalline silicon design and 18.4% for

the SHJ designs.

Figure 5. Sensitivity analysis for the four silicon heterojunction (SHJ) designs for greenhouse gas (GHG) intensity of direct electricity,
module area efficiency, GHG intensity of direct and indirect electricity, performance ratio and annual insolation. The tornado graphs
show the sensitivity of the end result (in gCO2-eq/kWh) as a function of changing these parameters. Left: Ref-SHJ, Middle-left:

NovelEmitter, Middle-right: Al2O3/ZnO atomic layer deposition (ALD), Right: Cu interdigitated back contacted (IBC).

Figure 6. Spider diagrams: sensitivity of the overall result to variation in five different parameters. The results are for complete
systems. The x-axis indicates variation in each parameter, relative to the baseline values.
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the PV system, except for the non-area related compo-
nents (inverter, cabling). Direct electricity use during cell
processing accounts for over 5% of the GHG emissions
of the SHJ systems, while electricity use for the produc-
tion of the complete systems accounts for almost 30% of
all GHG emissions. Therefore, when ranging GHG inten-
sity of all electricity used for system production from 0%
to 200% of baseline intensity, the overall emissions range
from –30% to +30% relative to the baseline. This shows
that a vertically integrated PV producer who has control
over the type of electricity used for all processes, from sil-
icon production to module production, can substantially
reduce the environmental impact of the PV systems it pro-
duces. Furthermore, Reich et al. [50] have shown that when
including the electricity use embedded in all processes and
materials including auxiliary ones, the total contribution of
electricity use to GHG emissions is over 50%.

In Figure 6, it is shown that the results are most sensitive
to changes in (i) insolation and PR and (ii) module area
efficiency.

7. UNCERTAINTY

As discussed in Section 3, the life-cycle data for some of
the processing steps was found to be quite variable, espe-
cially for electricity consumption of the various processing
tools. As—for most cell processing steps—electricity con-
sumption is the main driver of environmental impact, we
have analysed the effect of uncertainty in electricity use for
the processing steps involved. In this section, we present
the results of this analysis and address how the observed
ranges in the life-cycle data affect the overall results.
Figure 7 shows the data ranges found for the electricity
consumption of five processing steps: wet etching, PECVD
deposition of a-Si:H thin films, TCO sputtering, ALD and
screen printing.

Figure 7. Boxplots of the gathered data on electricity consump-
tion (relative to the mean value) for five different cell processing
steps. The diamonds indicate standard deviation of the mean

value. The red lines indicate median values.

7.1. TCO Sputtering

As shown in Figure 7, the data for electricity consump-
tion of TCO sputtering show a quite large variation. For
this study, as mentioned before in Section 3, we analysed
the specifications of eight different TCO sputtering tools.
The electricity consumption of these tools range from
1.1 to over 10.6 kWh/m2 of cell area and is on average
6.3 kWh/m2. As the electricity consumption (assuming
average consumption) determines 85% of the life-cycle
GHG emissions of this processing step, life-cycle emis-
sions of this processing step could increase by 44% for
the worst case, or decrease by 79% for the best case.
Overall results, for the cell processing of the Ref-SHJ and
ALD-SHJ designs, would increase by 12.7 gCO2 – eq/Wp
(+19%) and 11.3 gCO2 – eq/Wp (+20%), or decrease by
15.4 gCO2–eq/Wp (-22%) and 13.6 gCO2–eq/Wp (-24%),
in these respective cases. For complete systems, this effect
would be relatively much smaller (–1.5% to +1.2% and
–1.4% to +1.1%, respectively). For the other designs, the
effect would be similar but smaller.

7.2. PECVD

For PECVD deposition of amorphous silicon thin films,
we examined specifications of six different PECVD tools
and found electricity consumption to range from 1.7 to
5.3 kWh/m2 cell area, and to be on average 3.2 kWh/m2

cell area. From best to worst case, this would result in
GHG emissions for cell processing to range from –18% to
+26% for the most ‘ECVD-intensive’ design, the Cu-IBC
design. For a complete PV system, the changes would be
only –1.2% to +1.6%.

7.3. Wet etching

For cleaning/texturing of the wafers, we examined specifi-
cations of 16 different etching tools and found electricity
consumption to range from 0.13 to 1.5 kWh/m2 cell area,
and to be on average 0.6 kWh/m2 cell area. From best to
worst case, this would result in GHG emissions for cell
processing to range from –2.9% to +5.6% for the novel
emitter design. For the complete PV system, the changes
would be only -0.2% to +0.3%. For the other designs, the
absolute effect is equal, but relatively to the overall result,
the effect is smaller as these designs overall environmental
footprints are higher.

7.4. ALD

Like other thin-film deposition processes, the environmen-
tal impact of ALD mainly results from electricity use of the
deposition tool, as the material use in the form of precur-
sors is quite low, and these materials have low embedded
energy. For the deposition of the Al2O3 layer, some 66%
of the environmental impact in terms of GHG emissions
results from the use of electricity.
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Table V. Overview of the effect of data uncertainty on the overall greenhouse gas emissions for cell processing steps for the
different silicon heterojunction designs studied.

Uncertainty in process step:
Design TCO Sputtering PECVD Wet etching ALD Screen printing Total

Ref-SHJ –22% to +19% –13% to +18% –2.3% to +4.4% n.a. –2.0% to +5.0% –40% to +46%
NovEmit-SHJ n.a. –18% to +25% –2.9% to +5.6% n.a. –2.5% to +6.3% –23% to +36.5%
ALD-SHJ –24% to +20% –8% to +11% –2.8% to +5.4% –1.3% to +2.1% –2.5% to +6.0% –39% to +44.6%
CuIBC-SHJ –13% to +11% –18% to +26% –2.5% to +4.7% n.a. n.a. –34% to +41%

TCO, transparent conductive oxide; PECVD, plasma enhanced chemical vapour deposition; ALD, atomic layer deposition.

Table VI. Overview of the effect of data uncertainty on the overall greenhouse gas emissions for a kWh produced with complete
photovoltaic systems based on the different silicon heterojunction designs studied.

Uncertainty in process step:
Design TCO Sputtering PECVD Wet etching ALD Screen printing Total

Ref-SHJ –1.5% to +1.2% –0.86% to +1.2% –0.15% to +0.29% n.a. –0.13% to +0.32% –2.6% to +3.0%
NovEmit-SHJ n.a. –0.96% to +1.4% –0.16% to +0.31% n.a. –0.14% to +0.34% –1.3% to +2.0%
ALD-SHJ –1.4% to +1.1% –0.45% to +0.63% –0.16% to +0.30% –0.07% to –0.14% to +0.34% –2.2% to +2.5%

+0.12%
CuIBC-SHJ –0.80% to +0.66% –1.2% to +1.6% –0.15% to +0.29% n.a. n.a. –2.1% to +2.6%

For the specifications we reviewed, average electric-
ity use for deposition of an aluminium oxide layer was
found to be 0.29 kWh/m2 cell area but ranged from 0.15
to 0.51 kWh/m2 (–48% to +76%). As the ALD process is
much less energy intensive compared with, for instance,
sputtering, the effect of this process step on the overall
result is quite limited. Regardless, when varying the elec-
tricity consumption from best to worst case, overall GHG
emissions for cell processing for the ALD-SHJ design vary
with –0.74 to +1.16 gCO2 – eq/Wp, or –1.3% to +2.1%.
The effect on overall PV system emissions is negligible.

7.5. Screen printing

Contrary to other cell processing steps, the environmen-
tal footprint of screen printing of silver contacts results
mainly from the material use (silver paste) and not from
electricity consumption. Of the overall GHG emissions for
screen printing, the contacts on both sides of an SHJ cell
design, 9.6% results from electricity consumption. From
best to worst case, the electricity consumption for the 19
tools we analysed ranged from 0.02 to 0.4 kWh/m2 cell
area processed, while the average value was found to be
0.13 kWh/m2. From best to worst case, this would result
in GHG emissions for cell processing steps to vary by
–1.39 to +3.4gCO2 – eq/Wp. For the novel emitter design
(for which metallization emission are relatively the high-
est), this would mean a variation of –2.5% to +6.3%. For
complete systems, the effect is quite limited and does not
exceed –0.14% to +0.34%.

7.6. Combined effect of uncertainties

The uncertainty in the LCI data does not result in signifi-
cant changes in the results for complete PV systems based

on the analysed designs. For cell processing, however, in
best and worst cases, the results could be affected quite
substantially. Table V shows the combined effect of uncer-
tainty of the processes discussed earlier in this section, for
each design separately. Table VI shows the effect of data
uncertainty on the results for complete systems, in terms of
GHG emissions per kWh electricity.

As Table V shows, the effect of uncertainty in the data
for sputtering and PECVD can have a profound effect on
the results calculated for cell processing. The combined
effect of all parameters could result in changes of the
overall result by a maximum of –40% to +46%, for the
Reference-SHJ design. For the other designs, the effect is
similar.

As the contribution of cell processing to overall system
environmental footprint is quite limited, the data uncer-
tainty in the cell processing LCI does not result in sub-
stantial effects on overall results (Table VI). For systems,
when looking at GHG emissions per kWh, the effect of
uncertainty on the overall result is at maximum –2.6% to
+3.0%, for the Ref-SHJ based system. The overall effect
on this design is the largest, because this design relies on
all processing steps (except for ALD) and is thus affected
by uncertainty in all the processing steps.

8. DISCUSSION

The results indicate that the CED, EPBT and GHG foot-
print of SHJ solar cells (module efficiency of 18.4%)
is improved compared with conventional monocrystalline
solar cells (module efficiency 16.1%). The main reason
for this difference, as expected and also established in a
previous LCA on SHJ cells [12], is the higher efficiency
of SHJ modules. This observation is confirmed by the
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sensitivity analysis as it shows that the environmen-
tal impact of SHJ-based systems quickly increases once
module efficiency drops. For SHJ-based systems with
assumed equal module area efficiencies as mono-Si based
systems, the improvement in environmental performance
would be limited, as life-cycle GHG emissions and EPBT
would only be about 3% lower, compared with 15% when
including the efficiency advantage of SHJ cells. From
an environmental point of view, changes to designs can
therefore only be justified it these changes do not lead
to decreases in efficiency, as improvements of the impact
of cell processing steps will very quickly be negated by
decreased efficiencies. It also stresses that the results for
conceptual solar cell designs are heavily reliant on accurate
efficiency estimations.

Research on the environmental performance of SHJ
cells has so far been quite limited. Our results for
monocrystalline solar cells, based largely on existing data,
show no large differences with commonly found results
[4]. Thin-film solar cell systems are generally found to
have lower environmental impact compared with c-Si PV
systems. A recent harmonized review, however, shows
a broad range for amorphous silicon thin-film systems
among the analysed studies [5]. The same study shows the
emissions for CdTe thin-film systems to be lower com-
pared with both our results for SHJ cell systems and the
monocrystalline system [5].

Compared with the existing LCA on SHJ cells [12]
both life-cycle GHG emissions and EPBT/CED are sig-
nificantly higher in our study (about 32 gCO2-eq/kWh in
our study compared with 20 gCO2-eq/kWh in the study
by Olson et al. [12]). Main reasons for this difference are
that in the LCA study by Olson et al., BOS components
are not included in the analysis. In our study, the BOS
components contribute 10.4 gCO2-eq/kWh to the overall
results, which largely accounts for the difference between
our study and the results obtained in the study by Olson
et al. Furthermore, our model results in higher emissions
for cell processes such as PECVD and TCO deposition.
The differences for these latter processes are however very
small. A more detailed comparison between the two stud-
ies is however difficult, as the paper by Olson et al. does not
report a life-cycle inventory for the SHJ specific processes
analysed in that study.

8.1. Lifetime electricity production of
PV systems

For this study, in accordance with IEA PVPS guidelines
[15], we assume a system lifetime of 30 years with a sin-
gle replacement of the inverter, a Performance Ratio of
0.75 and an annual insolation of 1700 kWh/m2. As we
have seen in Section 6, insolation and performance ratio
have a strong effect on the environmental performance of
PV systems, due to their effect on annual and thus life-
time energy production of the system. The lifetime of the
system components has the same effect by constraining the
period in which the system produces power. Therefore, the

Table VII. Contribution of balance-of-system elements to total
balance-of-system environmental impact.

Module efficiency 16.0% 19.5% 23.5%

Mounting structure 55.0% 50.1% 45.4%
Inverter 26.5% 29.4% 32.1%
Transport & installation 18.5% 20.6% 22.5%

results obtained for complete systems are highly depen-
dent on location and system lifetime. Strong reductions
in PV system prices could increase incentives for current
system owners to replace their PV systems before end-of-
life. Without proper recycling procedures, this could have
an adverse effect on the environmental performance of PV
systems.

8.2. Balance-of-system

As large contributors, BOS elements are of increasing
interest in cost reduction strategies. The data from ecoin-
vent shows that in terms of environmental impact, largest
contributions come from the mounting structure (45–
55%) and inverter (26.5–32.1%). These data are shown in
Table VII. With increasing module efficiency, the contri-
bution of the mounting structure, which is area related,
decreases, while the contribution of non-area related
parameters like the inverter relatively increases. For our
analysis, we assumed no changes in BOS components
from the current to the prospective analysis. As the results
show, improvements in BOS components has the poten-
tial to significantly improve the environmental impact of
PV electricity. These improvements could be achieved by
increasing the lifetime of the inverters, and reducing the
amount of material used for the mounting structure, or
replacing the aluminium commonly used for this by other,
less energy intensive materials.

8.3. Data uncertainty

As we have shown in Section 7, the data for many cell
processing steps are characterized by a relatively large
uncertainty. We have used average values for material and
energy consumption for cell processing steps. From best
to worst cases, the effect of the uncertainty in data could
result in substantial changes to the results for cell process-
ing, and to a much lesser degree to the results for complete
systems (Tables V and VI). Therefore, more accurate
LCA of specific solar cell designs should be conducted
at producers, where measurements could be performed to
establish the material and energy use of specific tools and
for specific designs in realistic production environments,
which are possibly customized from the standard values
reported in the equipment surveys [21–25,44] we used as
input data.

The uncertainty in the LCI data for especially TCO
sputtering and PECVD energy use can have a profound
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effect on the results for cell processing (Section 7). In cer-
tain cases, this would affect the results to a degree that a
comparison of the four SHJ designs would be somewhat
different. For instance, the benefit of replacement of TCO
sputtering for the novel emitter design is quite beneficial in
our baseline results, but this benefit is almost non-existent
when we assume the electricity consumption for sputtering
to be the minimum of the dataset we reviewed. However,
in many cases, data uncertainty would affect all designs
in a similar manner, as some of the processes are needed
for all designs studied. For complete systems, the effect of
uncertainty in our LCI is quite limited.

8.4. Additional environmental impacts

Our study focuses on two environmental impacts: GHG
emissions

�
gCO2 – eq

�
and primary energy use (CED).

Research has shown CED to be a reasonable proxy for
environmental impact in other impact categories [18,49].
However, direct waste emissions from PV production pro-
cesses could have additional environmental impact not
proportional to energy use during these processes. A more
detailed study at specific PV production facilities should
be performed to analyse the waste flows of the vari-
ous cell processing steps. Furthermore, resource depletion
is unlikely to correlate strongly with energy use during
production of PV systems. Especially metal depletion is
often mentioned as a possible constraint for PV technol-
ogy [51–54]. Unfortunately, there is limited methodology
available to assess metal depletion. For instance, one such
method, the ReCiPe method [55], includes a limited num-
ber of metals. Indium, which is produced commonly as
a by-product of zinc manufacturing, is unfortunately not
included. To be able to assess and compare the applica-
tion of different metal alternatives in solar cells, a method
would need to be developed that takes into account all
metals used in PV manufacturing.

9. CONCLUSIONS

The results obtained in our analysis show that SHJ
solar cell-based PV systems can improve the environ-
mental performance of solar PV compared with conven-
tional monocrystalline silicon-based PV systems. Electric-
ity produced with four analysed SHJ systems results in
the release of 32 gCO2-eq/kWh, while the energy pay-
back time is 1.5 years for these systems. Conventional
monocrystalline silicon systems with cells with similarly
thin (180 �m) wafers have a higher environmental impact
at 38 gCO2-eq/kWh and an EPBT of 1.8 years. The main
reason for the improved environmental performance is the
higher module area efficiency for SHJ modules (18.4%)
compared with the monocrystalline module (16.1%).

When comparing the different SHJ designs on a PV
system level, differences are very small, due to the rela-
tively minor contribution of cell processing to overall GHG

emissions and CED. As expected, the main contributors to
overall GHG emissions and EPBT of PV systems are the
silicon feedstock and ingot and the components used for
the BOS.

When examining purely the cell processing steps, dif-
ferences are more readily observable. It is clear that ‘stan-
dard’ silver metallization contributes significantly to the
environmental footprint of cell processing due the high
energy use in silver production. Copper-based metalliza-
tion is promising for reduction of this impact, although
electricity use of copper plating was found to be much
higher compared with screen printing.

The absence of TCO sputtering in the Novel Emit-
ter design leads to a decreased environmental footprint,
despite a slight increase in PECVD related GHG emis-
sions and CED. The novel emitter does however eliminate
the requirement for the scarce and expensive indium, and
simplifies the production process by eliminating a process
step, possibly resulting in cost reductions.

The ALD design also has a lower footprint com-
pared with the reference design, due to decreased PECVD
emissions and CED. Furthermore, as a thin-film depo-
sition process, ALD is much less energy intensive due
to the elimination of the requirement for operation
at vacuum.

Due to the added PECVD steps in the process chain
of the copper-plated IBC design, its environmental foot-
print (when examining cell processes) is only slightly
decreased compared with the reference design. This is
mainly due to the requirement for stopping and starting
the deposition process to change the deposition masks, as
starting up the PECVD reactors is as energy intensive as
the deposition process itself, and takes more time. Cu-
based metallization was however found to be quite promis-
ing in terms of reducing the environmental footprint of
cell processing.

The analysis of the prospective designs shows that the
environmental impact for both cell processing and com-
plete PV systems can be substantially decreased due to
an expected increase in cell efficiency. For the novel SHJ
designs, GHG emission per kWh of electricity produced
could drop to around 20 gCO2-eq/kWh, while EPBT val-
ues could be around 1 year. The relative influence of
BOS components does however substantially increase,
however, we assumed no changes in this parameter. The
use of novel mounting systems based on materials other
than aluminium could result in a further decrease of
the environmental impact of PV systems. For the Cu-
IBC design, the decrease in the environmental footprint
from current to prospective cell processing is not as
pronounced, as the current design is already based on
copper metallization.

Uncertainty in LCI data for several cell processing
steps could result in a somewhat different comparison of
the studied SHJ designs. Further research in this context
should therefore focus on establishing accurate data on
the electricity consumption of cell processing tools in a
realistic production environment.
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APPENDIX A SUPPORTING
INFORMATION

A.1. Impact assessment

Following the IEA PVPS guidelines on LCA of PV sys-
tems, we assess the GHG emissions, the CED and the
EPBT of the various cell types studied. GHG emissions
(gCO2-eq/kWh) and CED

�
MJP/Wp

�
can be seen as indi-

cators for a variety of environmental impacts. Life-cycle
GHG emissions were assessed based on the IPCC 2007
report [17] The life-cycle GHG emissions are calculated
by the software tool used (SimaPro) but can be represented
by the following formula:

gCO2-eq � kWh–1 =
X mi � GWPi

Elifetime
(A.1)

where mi indicates emissions (in grams) of substance
i, GWPi indicates the GWP of substance i, and Elifetime
indicates the lifetime electricity production (in kWh) of
the studied PV cell or system. For this analysis, all GHGs
and their GWPs described by the IPCC in their latest
assessment report [17] are taken into account. The energy
payback time is related to the CED but expresses the
amount of time in which an electricity source produces the
same amount of primary energy that was used to produce
it. The electricity delivered by the PV systems is converted
to primary energy with an average grid efficiency factor as
CED is also expressed in primary energy:

EPBT =
ECED

EPV ,annual
� �grid (A.2)

where ECED is the CED for production of a PV system,
module or cell, EPV ,annual is the annual electricity pro-
duction of the considered PV system, module or cell, and
�grid is the average grid conversion efficiency from pri-
mary energy to electricity (0.315, from ecoinvent [19]).
The calculation of EPV ,annual depends on whether the anal-
ysis is for PV cells, modules or complete systems. For cells
and modules, we express the CED per 1m2 so we calculate
EPV ,annual by multiplying the yearly irradiation with cell
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or module efficiency and performance ratio (PR):

EPV ,annual (cells and modules) = G � A � �conv � PR (A.3)

where G is the annual insolation, �conv is the module area
conversion efficiency, and PR is the performance ratio. For

complete systems, for which we express the CED per Wp,
we calculate EPV ,annual by multiplying 1W with the yearly
amount of full load hours (yearly insolation divided by
standard testing conditions irradiation) and the PR:

EPV;annual (systems) = 1W �
G

1000W/m2
(A.4)

Table A.1. Process parameters of wet chemical etching.

Parameter Unit Value MSE Remarks/references

Electricity consumption kW 30 3.3 Average from [21]
Water consumption L/h 1750 217 Average from [21]
Throughput wafer/h 3160 36 Average from [21]
Wafer breakage % 0.1 - Average from [21]
Etchant usagea mL/wafer 2 - Limited data, conservative estimate based on

specifications for three tools listed in Photon

MSE indicates the standard error of the mean.
a Etchant usage is not reported for the majority of the tools listed in [21]. For a limited number of tools approximate values were

reported. We took a conservative estimate.

Table A.2. Process parameters for plasma-enhanced chemical vapour deposition of amorphous silicon thin films.

Parameter Unit Value MSE Remarks/references

Throughput m2/h 37.7 8.3 Average from [22]
Deposition rate nm/s 0.57 0.29 Average from [22]
Electricity consumptiona kW 204 67.7 Average from [22]

for 25 nm kWh/m2 3.33 0.57 Calculated
for 45 nm kWh/m2 3.47 0.55 Calculated

Water consumptionb L/h 21990 9590 Average from specifications listed in [22]
Silane consumptionc mg/(nm m2) 32.3 Calculated from [11]
Hydrogen consumptionc mg/(nm m2) 48.3 Calculated from [11]
Oxygen consumptionc mg/(nm m2) 5.23 Calculated from [11]
NF3 for chamber cleaningd g/(nm m2) 0.043 Calculated from [11]

MSE indicates the standard error of the mean.
a Electricity use for varying layer thicknesses was calculated on the basis of the assumption that the electricity consumption and throughput

values in [22] are valid for deposition of a 300 nm a-Si:H layer. With reported deposition rates and these assumed layer thicknesses, we

calculated deposition time and load unload time for the 300 nm layer. To calculate deposition requirements for varying layer thicknesses,

we assumed load/unload times to remain constant, and deposition time and thus energy consumption to scale linearly with layer thickness.

Equation A.5-A.7 show how we have calculated these values.
b Water consumption was assumed to be constant, as it is used for cooling, and we assumed continuous operation of the tools. Therefore,

water consumption for different layer thicknesses was scaled according to total process time (load/unload time + deposition time).
c Material use was taken from Van der Meulen et al. [11] and assumed to scale linearly with the thickness of the deposited layer.
d The consumption and emission of NF3 has been scaled to a-Si layer thickness based on the gas consumption and emission values and

layer thicknesses reported in [11]. Here, we did not correct for utilization rate of the reactor.

Table A.3. Process parameters for exhaust gas abatement.

Parameter Unit Value MSE Remarks/references

Electricity consumption kWh/h 1.62 0.58 Average from [44]
Water consumption L/min 30 n.a.a Average from specifications listed in [44]
Propane consumption L/min 37.5 n.a.a Average from specifications listed in [44]

MSE indicates the standard error of the mean.
a Insufficient sample size.
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A.2. Plasma-enhanced chemical vapour
deposition process parameters

For our analyses of PECVD deposition of a-Si:H layers, we
have calculated total batch time, deposition time and load–
unload time with the data given in Table A.2. To calculate

deposition vs. load–unload time, we assumed that the given
throughput figures for each line were based on deposition
of a 300 nm a-Si layer, which is a typical thickness for a-
Si thin-film solar cells [32]. With given deposition rate and
calculated load–unload time we were able to calculate the
energy use of deposition of varying a-Si layer thickness

Table A.4. Process parameters for transparent conductive oxide sputtering.

Parameter Unit Value MSE Remarks/references

Throughput m2/h 90.6 5.4 Average from [23]
Utilization rate % 74 1.3 Average from [23]
Electricity consumption kW 565 113 Average from [23]
Electricity consumptiona kWh/m2 6.3 1.25 Calculated
Water consumption L/min 817 147 Average from [23]
ITO target consumptionb mg/(nm m2) 17.13 Calculated

MSE indicates the standard error of the mean.
a Electricity consumption is calculated as the average of electricity consumption / throughput for the selected

devices.
b ITO consumption is calculated on the basis of the average utilization rate found in [23], ITO density, and

divided by the mass fraction of ITO in the ITO target.

Table A.5. Process parameters for screen printing.

Parameter Unit Value MSE Remarks/references

Throughput wafers/h 1699 202 Average from [24]
Electricity consumption(a) kW 5.5 0.98 Average from [24]
Electricity consumption kWh/m2 0.133 0.02 Average from [24]
Compressed air flow(a) L/min 189 33.7 Average from [24]
Breakage % 0.13 0.03 Average from [24]
Silver paste consumptionc mg/wafer 720 Based on [19,36]

MSE indicates the standard error of the mean.
a Electricity consumption and compressed airflow are expressed as normalized values, corrected for through-

put, normalized at 1700 wafers/h.
b Silver paste consumption for metallization on both sides of the wafer was assumed to be four times that of

a standard crystalline silicon solar cell front side metallization.

Table A.6. Process parameters for copper electroplating.

Parameter Unit Value Remarks/references

Throughputa wafers/h 3000 [25]
Electricity consumptiona kW 100 [25]
Electricity consumptiona,b kWh/m2 1.37 [25]
Water consumptiona L/h 100 [25]
Ni electrolyte consumptionc mL/m2 23.9 Calculation
Cu electrolyte consumptionc mL/m2 3.66 Calculation
Ag electrolyte consumptionc mL/m2 0.56 Calculation

MSE indicates the standard error of the mean.
a Average copper plating specifications were based on the Meco DPL tool.
b The survey in [25] reported only maximum power consumption. Electricity consumption per unit of cell area

was calculated on the basis of continuous maximum power consumption. We consider this a conservative

estimate, as the tool might—on average—operate at a lower power level.
c We calculated electrolyte consumption based on (i) the assumption that the plated grid pattern is similar to

that of screen printed contacts; (ii) the width of the plated gridlines is 50 �m [48]; and (iii) the thickness of

the plated metals is 1 �m, 7 �m and 0.1�m, respectively for nickel, copper and silver [46].
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with given average electricity consumption figures:

EPECVD(x) = Eload–unload +
x

�deposition
Pavg (A.5)

where x is the layer thickness, �deposition is the deposition
rate, Pavg is the average power consumption of the PECVD
tool, and

Eload–unload = EPECVD(300 nm) –
300 nm

�deposition
Pavg (A.6)

where EPECVD(300 nm) was calculated as

EPECVD(300 nm) = TbatchPavg (A.7)

where Tbatch is the process time for a complete load-
deposition-unload cycle as given for each PECVD tool in
[22]. EPECVD(x) was calculated for each separate PECVD
tool, and the mean of these values was used in our analysis.
A similar approach was used to calculate water consump-
tion. The process parameters are show in Table A.2.
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