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ABSTRACT Several next-generation cells are now being researched to overcome the performance and
sustainability limitations of the current Li-ion cells. The aim of this article is to assess the environmental
impacts of the following next-generation cells chosen for their potential to meet the performance and
safety requirements for future electric vehicle applications: Silicon-Polyacrylonitrile (SiCPAN), Silicon
NanoWires (SiNWs), All-Solid-State (ASS) and Lithium-Sulphur (Li-S). Because the selected cells are
emerging technologies, solely produced at the laboratory scale, a novel cradle-to-gate Prospective Life Cycle
Assessment (P-LCA) was performed to ensure a fair comparison with the current Li-ion cell. The life cycle
inventories of the selected cells were built by scaling up all the laboratory scale processes and activity
data to industrial scale. The methodology is compliant with the most used frameworks for conventional
LCAs, namely ISO 14040:2006 and ISO 14044:2018, and state-of-the-art guidelines for P-LCAs. The results
showed that the Li-S cell has lower impact with respect to the current Li-ion cell in four out of the six
most relevant impact categories, among which use of mineral and metal resources. The SiNWs cell revealed
the greatest impact in almost all the impact categories. Lastly, a what-if analysis conducted on the silver
content revealed that the ASS cell produced without silver would be the least impactful cell among the
next-generation cells considered in this study.

INDEX TERMS Automotive, electric vehicles, energy storage systems, LCA, life cycle assessment, Li-ion
batteries.

I. INTRODUCTION
A. CONTEXT
Annual global battery demand is expected to reach 1000 GWh

the novel cells of the so-called generation 3, 4, and 5 in
order to have new, competitive European battery technologies
available on the market by 2025 [1], [2].

by 2025 and 2600 GWh by 2030, with Europe alone creating
3—4 million jobs [1]. Li-ion batteries are currently a widely
used and mature technology for powering Electric Vehicles
(EVs) and a variety of other applications. However, the
increasingly stringent requirements for EVs, among which
are increased specific capacity and safety, are driving research
into new battery technologies to overcome the limits of cur-
rent Li-ion cells. According to the European Commission’s
Strategic Research Agenda for Batteries, it is critical to assess

The associate editor coordinating the review of this manuscript and

approving it for publication was Vitor Monteiro

From an environmental perspective, a novel Life Cycle
Assessment (LCA) approach is emerging aimed at deter-
mining the environmental impacts of novel technologies [3].
In fact, according to [4], [5], [6], [7], and [8] a Prospective
Life Cycle Assessment (P-LCA) or Ex-ante LCA should be
performed. While conventional LCA is a well-known and
valid tool for assessing the environmental sustainability of
steady-state (i.e., mature, and commercialized) technologies,
contrarily, for assessing emerging technologies where scal-
ing effects must be included, a P-LCA is needed to ensure
comparability between next-generation and current Li-ion
batteries.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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B. FUNDAMENTALS OF NEXT-GENERATION CELLS

While the current Li-ion cell mainly consists of a
LiNixMnyCo1_x—yO2 (NMC) cathode, a liquid electrolyte,
and a graphite anode, next generation cells differ in one or
more of these cell components.

In the so-called generation 3 cells, the graphite anode is
substituted by a silicon-graphite anode. The wide interest in
introducing silicon content into typical graphite anodes is
due to the higher specific capacity of silicon (4200 mAh/g)
compared to that of graphite (372 mAh/g) [9]. Nevertheless,
silicon suffers from drastic volume change (up to 400%)
during the charging and discharging process, which is the
main barrier to its use in anodes [10]. A well-studied approach
to reduce the above-mentioned issue consists of submitting
the bulk silicon particles to dedicated chemical processes
(e.g., metal deposition, chemical and metal-assisted chemical
etching) to get multi-dimensional nanostructured silicon so
that the final morphology is composed of Silicon NanoWires
(SiNWs) [9], [11], [12]. An alternative process consists of
encapsulating micro-silicon particles in a resilient, conduc-
tive coating of polyacrylonitrile (PAN) matrix so that the
pulverization of the large silicon particles is reduced [13].

Generation 4 cells include the batteries with solid elec-
trolytes, called Solid-State Batteries (SSBs), which are cate-
gorized into three types: sulfide-, oxide-, and, more recently,
polymer-type. Because the solid electrolyte facilitates the
coupling with a lithium metal anode, which as a specific
capacity of 3860 mAh/g [10], SSBs nearly double the energy
density of the best-performing Li-ion chemistry, resulting in a
smaller and lighter battery pack [14]. Moreover, the absence
of flammable liquid electrolytes in SSBs ensures increased
safety [14]. Nevertheless, these batteries must overcome two
major hurdles: a proper lithium deposition process at the
anode and ionic conductivity of solid electrolytes at least
similar to that of traditional liquid electrolytes.

Generation 5 cells includes Lithium-Sulphur (Li-S) bat-
teries, which have already achieved 200 Wh/kg in current
industrial prototypes [15]. Unfortunately, even though sulfur
has a high specific capacity (1672 mAh/g) [15], sulfur active
material dissolves during cycling, resulting in rapid capacity
fading (i.e., shuttle effect) [16].

C. STATE OF THE ART AND CONTRIBUTION OF THE
PRESENT STUDY

In the literature, several conventional LCAs have been per-
formed focused on EV batteries, some of them, i.e., [5], [9],
[10], [12], [14], [17], [18], [19], [20], [21], [22], and [23],
addressing the environmental impacts of next-generation
cells.

In [12], the life cycle environmental impacts of a SINWs
battery pack are compared with those of a current Li-ion
battery pack. Nonetheless, no industrial scale-up for the
SiNWs battery is performed. The environmental impacts
of two next-generation cells are compared with those of a
current Li-ion cell in [9], where the dependence of energy
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consumption on production volume is taken into account.
In [10], the environmental impacts of two next-generation
battery packs (i.e., Silicon NanoTubes (SiNTs) and SiNWs
batteries) are compared with those of a current Li-ion battery
pack. Nevertheless, for both SiNTs and SiNWs batteries,
no industrial scale up is performed.

In[14], LCA is used to compare the environmental impacts
of manufacturing All-Solid-State (ASS) batteries with those
of current Li-ion batteries. Nonetheless, it is not mentioned
whether a scale-up is performed. In [18], the environmental
impacts of an ASS battery are assessed and a scale-up is
performed by means of a scenario analysis.

In [15], an LCA of a Li-S battery pack is conducted by
mixing laboratory- and industrial-scale data. In [19], a cradle-
to-gate LCA of a Li-S cell is performed and several scenarios
are presented for energy consumption reduction during
cell production, cathode chemical composition, renewables
uptake, and Li-S cell specific energy. In [20], the life cycle
environmental impacts of a Li-S battery pack are compared
with those of a current Li-ion battery pack. Nonetheless,
no industrial scale up is performed. In [21], a cradle-to-grave
LCA of a Li-S battery pack is performed based on a coin Li-S
cell. In [17] and [22], the life cycle environmental impacts of
Li-S battery packs are compared with those of current Li-ion
battery packs without performing a scale-up. In [23], SSBs
and Li-S batteries suitable for application to an aircraft are
compared through cradle-to-gate LCA.

The aim of this study is to perform a P-LCA to compare the
environmental impacts of four electrochemical pouch-type
cells against those of a current Li-ion cell. In [24], the term
“ex-ante LCA” refers to a method for scaling up low Tech-
nology Readiness Level (TRL) technologies, while the term
P-LCA is used to compare various novel and conventional
technologies at a future point in time. In [25], the term P-LCA
refers to an ex-ante LCA mode that involves comparing
technologies in a future point in time. In [8], several pub-
lications were examined and the terms P-LCA, anticipatory
and ex-ante LCA were investigated; as a result subtle but not
consistent differences were found among them. In [4], the
three terms are used as synonyms while attention is paid to
the distinction between scaling up in terms of TRL and time.
According to [3], anticipatory LCA refers to an approach
that includes also multiple social perspectives while the term
ex-ante LCA is not mentioned. Hereafter, ex-ante LCA and
P-LCA will be considered as synonyms and the term P-LCA
will be used.

According to [4], the field of P-LCAs accounted for only
44 case studies in 2020, and these do not include batteries
but rather other topic areas (i.e., mainly nanomaterials and
chemicals). More recently, P-LCA has been applied to new
bio-based polymers in [24], supercapacitors in [25], a novel
froth flotation technology in [26] and wood-based technolo-
gies in [27]. To the best of our knowledge, only two P-LCA
studies have been conducted in the battery field in [5] and [6]
to estimate the environmental impacts of an ASS battery and
a Li-S battery, respectively. However, a comparative P-LCA
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TABLE 1. Product systems under study.

Main parameters*

Specific Open circuit Specific energy
Product systems capacity voltage [V] [Wh/kg]
[Ah/kg]
Current Li-ion Cathode: NMC622; Electrolyte: LiPF6 (liquid), EC, DMC; 55 38 209
Anode: Graphite
SiNWs Cathode: NMC622; Electrolyte: LiPF6 (liquid); Anode: SINWs. 102,6 3,65 374
SiCPAN Cathode: NMC622; Electrolyte: LiPF6 (liquid); Anode: 97,4 3,8 370
SiCPAN.
ASS Cathode: NMC622 with a Li20-ZrO2 (LZO) coating.; 105,3 3,8 400
Electrolyte: Li6PS5CIl (solid sulphide); Anode-free. The lithium
deposition is enhanced by using an Ag-C nanocomposite layer
on the stainless stell collector.
Li-S Cathode: graphene-sulphur composite (GSC); Electrolyte: 160,0 2,2 352

LiTFSi (liquid); Anode: Lithium metal

*Values are related to the worst-case scenario.

comprehensive of several next-generation cells for EV appli-
cations does not exist currently.

Il. MATERIALS AND METHODS
This study was conducted in conformity with the most used
frameworks for conventional LCAs, namely ISO 14040:2006
and ISO 14044:2018 [28], [29]. In addition, because the
ISO standards do not provide guidance on how to conduct
P-LCAs, the methodology was based on recent guidance that
can be found in the literature [4], [7], [8], [30]. According
to [24], the scaling up of life cycle inventories is accom-
plished through several techniques in the literature among
which process-based simulations or calculation by means
of projecting equations, definition of scenarios or scenario
ranges. In this study, projecting equations and scenarios are
used. Specifically, scenarios were set based on the guidelines
reported in [4], [7], and [8] while projecting equations are
from [21].

Hereafter, the assumptions made that can be shared with
conventional LCAs (section A) and those related to P-LCAs
are presented (section B).

A. CONVENTIONAL LCA
Herein the main items of the scope of the study are schemat-
ically described.

1) PRODUCT SYSTEM AND FUNCTIONAL UNIT
As reported in Table 1, the product systems under study are
four novel electrochemical pouch-type cells: one SiCPAN,
one SINWSs, one ASS, and one Li-S cell. The selection of the
cells was driven by consultation with electrochemical and EV
experts and literature. The main factors that have dictated this
choice were:

« intention to include at least one cell from each of gener-

ations 3, 4, and 5.

« suitability for EVs.

« availability of data necessary to develop the study.

Current EVs use Li-ion batteries that allow for an aver-
age driving distance ranging between 250 and 400 km by

19586

recharging, while internal combustion engines allow for
1000 km driving distance by refueling [22]. According
to [22], batteries should reach a specific energy of 550 Wh/kg
in order to ensure a driving range of 500 km.

Silicon is one of the most promising anode materials for the
next-generation EV batteries [31], [32]. It can store ten times
more energy than graphite alone [33]. The higher energy den-
sity increases battery range while nanowires shorten charging
time, both key metrics in EV uptake and acceptance [34].
Silicon is abundant enabling batteries with lower carbon
footprint [35] and it is already being used in small amounts
in the batteries of a few EV models, including Tesla Y,
Tesla 3, and Porsche Taycan [36]. Two different silicon anode
cells were chosen in this study: nanostructured (SiNWs)
and micro-structured silicon anode cells (SiCPAN). Silicon
below 150 nm has been found to be beneficial for solving
silicon volume expansion [37]. Nevertheless, despite nanos-
tructured silicon particles in conventional graphite electrodes
have been implemented to commercial practice, this pro-
cess is limited to the inclusion of only about 5% (by mass)
of nano-silicon active material [13]. Also, nanoscale man-
ufacturing is usually energy intensive and produces large
amounts of nanowaste [12]. Instead, by encapsulating micro-
structured silicon particles in a PAN coating matrix, it seems
possible to avoid both nanoscale manufacturing and sili-
con volume expansion. The method has been demonstrated
in [13] at laboratory scale.

SSBs are promising technologies for the automotive sec-
tor for both their high energy density and safety [38]. ASS
batteries are planned to be mass-produced by Samsung by
2027 for both EVs and consumer electronics [39]. Also,
Nissan announced pilot-production by 2024 [40] while Volk-
swagen is in partnership with QuantumScape for enhancing
development and mass-production of SSBs [41].

Li-S batteries are emerging as promising battery technol-
ogy for EVs because they have high theoretical capacity and
energy density without containing rare earth metals [5], [22].

As a result, the four cells in Table 1 were chosen as
representatives of the main technologies currently being

VOLUME 12, 2024
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FIGURE 1. System boundary of the Li-S cell.

researched. The set of cells is compared to one Li-ion pouch-
type cell, used as a benchmark for the analysis. To effectively
compare the product systems under study, which differ signif-
icantly in terms of specific energy (kWh/kg), the functional
unit is 1 kWh of rated energy capacity. The rated energy
capacity is considered at cell level and thus, not impaired by
the presence of the auxiliary battery components (i.e., BMS,
cooling system and battery casing). The results of this article
can be extended to battery pack level once the battery pack
configuration is chosen.

2) SYSTEM BOUNDARY AND LIFE CYCLE IMPACT
ASSESSMENT METHOD
The system boundary is cradle-to-gate. The analysis of the
environmental impacts includes the extraction of raw materi-
als for cell manufacturing, continues with the production of
cell components and ends at the factory gate where the cells
are assembled and finished. The use phase and the EoL phase
were excluded from the system boundary because they are
characterized by high uncertainty and lack of data [4], [6],
especially when emerging technologies are considered.
Figure 1 takes as reference the Li-S cell to show the
system boundary of this study. To highlight the differences
between the laboratory- and industrial-scale boundaries, cer-
tain unit processes (e.g., infrastructure, solvent recovery, and
waste treatment) are labelled with the blue icon of a plant.
These unit processes are to be considered inside the bound-
ary only in the case of industrial-scale production. For the
Life Cycle Impact Assessment (LCIA), the most updated
version of the Environmental Footprint (EF) method was
used, in line with [42]. Background datasets were taken from
Ecoinvent version 3.8 and SimaPro 9.3.0.3 was used as LCA
software.
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B. PROSPECTIVE LCA

According to [4], the following three challenges must be
overcome when developing a P-LCA: data quality, compa-
rability, and uncertainty. The following section explains how
these three challenges have been addressed in this study. With
reference to data quality, all data sources and the rationale for
their selection are transparently reported (Section I, Figure 2).
To address the issue of comparability, any laboratory scale
data available for the next-generation cells was upscaled to
industrial scale so that the time and the TRLs at which the
comparison is made were aligned for all modelled technolo-
gies. The scaling procedure is shown in the flow scheme in
Figure 4.

Lastly, to address uncertainty, two scenarios of future
large-scale production were evaluated (Sections II-III) that
combine different scenario parameters as shown in Table 2.
The first scenario, called Worst Case Scenario (WCS), was
developed to ensure comparability with current Li-ion cells,
assuming that all the cells under study are mass produced in
Europe today. Moreover, in the case of large uncertainties, the
most pessimistic value of the uncertainty range was assumed
in the WCS. The second scenario, called Best Case Scenario
(BCS), intends to predict the sustainability performances
of a future, greener, and more efficient production, if all
the investigated cells, including the current Li-ion cell, are
produced in Europe at a future point in time (i.e., 2040).
Moreover, in the case of large uncertainties, the most opti-
mistic value of the uncertainty range was assumed in the BCS.
All the assumptions made in WCS and BCS are transparently
reported (Sections II-IIT and Table 2 ). An extended scenario
analysis considering three laboratory scale scenarios and five
industrial scale scenarios was conducted for the Li-S cell and
it is reported in the Appendix (Table 10s and Figure 1s).
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TABLE 2. Scenario setting.

Scenario parameter LAB WCS BCS

Current Li-ion - 0,209 0,300

Specific energy SiNWs 0,374 0,374 0,400

(KWh/kg) SiCPAN 0,370 0,370 0,400

ASS 0,400 0,400 0,638

Li-S 0,352 0,352 0,600
Solvent reduction N Y Y
Solvent reduction rate (%) - 20 20
Solvent recovery N Y Y
Solvent recovery rate (%) * - 68 80
Reuse of cleaning agents (one-time reuse) ** N N Y
Increased process yield *** N N Y
Upscaling of waste treatment N Y Y
2040 electricity mix N N Y

*Except for HF and NMP.
**Only for the SINWs cell.

***Only for silicon powder, SINWs and VGCNF manufacturing processes.

Heat Cooling

or steam water

b

i |
|

|

)

FIGURE 3. Solvent recovery model for the WCS. The recovery rates used
for the BCS are reported within brackets.

68% (80%) of
solvents recovered

;.

Batch distillation
(ideal mixture)

Manufacturing
process

Binary mixture of solvents
(gaseous or liquid phase)

Incineration at the
production site with
energy recovery

32% (20%) of
mixture not
recovered

1) DATA SOURCES FOR THE LABORATORY-SCALE
INVENTORIES

Because next generation cells are currently characterized by
a low TRL, P-LCA can be used in these cases to forecast
the environmental impacts of emerging technologies start-
ing from laboratory-scale data, usually taken from scientific
articles, patents, expert interviews, unpublished results, and
process simulations [4] and shifting them at a future point in
time [5]. For the laboratory-scale cells, the data used in this
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study were collected from scientific literature, patents, and
industry reports. Special attention was given to data source
selection so that solely the publications in which data were
presented in sufficient detail to be disaggregated, comple-
mented and/or adjusted for the purpose of this study were
selected. All data sources are shown in Figure 2.

The laboratory scale SiNWs cell design as well as the
manufacturing of the SINWs anode were based on the activity
data of [10]. SINWs were assumed to be produced through
Metal-Assisted Chemical Etching (MACE), as described
in [10] and [12]. According to [43] and [44], the MACE pro-
cess is a widely used method to produce SiNWs. Hydrogen
peroxide as oxidizing agent, silver nitrate as catalyst, and
hydrogen fluoride as etching agent are used during the MACE
process in compliance with [10] and [12].

The laboratory scale SiCPAN cell is comprised of a SiC-
PAN anode but the same cathode and electrolyte of the
current Li-ion cell. The instructions reported in [13] were

VOLUME 12, 2024
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used to model the SiCPAN anode assuming a 30% content
of silicon. The process for PAN manufacturing was mod-
elled as a polymerization of acrylonitrile according to [45].
The laboratory scale ASS cell was modelled based on [6],
[46], [47], [48], [49], and [50]. The Vapor-Grown Carbon
Nanofibers (VGCNFs) contained in the ASS cathode were
assumed to be produced by catalytic pyrolysis as described
in [47] and assuming benzene as carbon feedstock. According
to [51], catalytic pyrolysis is currently the conventional and
commercial technique for carbon nanofiber production. The
synthesis process of the electrolyte (i.e., argyrodite) is based
on [6] and [48]. The silver nanoparticles in the ASS anode
were assumed to be synthesized by argon- and nitrogen-based
Reactive Magnetron Sputtering (RMS) process as described
in [49] and [50].

The laboratory scale Li-S cell is modelled based on [15],
where laboratory-scale (i.e., data regarding the synthesis
of graphene-sulfur cathode) and pilot-scale data (i.e., data
regarding cell manufacturing) are mixed.

Lastly, for the current Li-ion cell, which is mass produced
today and no scale up is needed, the raw material acquisition
phase was based on primary data while the manufacturing
plant data were taken from [52].

2) WORST CASE SCENARIO (WCS)

The WCS combines assumptions on the following three
aspects of the production process: cell specific energy,
energy consumption estimation during manufacturing, sol-
vent reduction and recovery, and upscaling of waste treat-
ment. All the scenario parameters and the assumptions made
in the WCS are summarized in Table 2.

With reference to energy consumption, the energy flows
of all the production steps that are equivalent or similar to
those of the current Li-ion cell were modelled based on [52].
More specifically, for the coating and drying operations, elec-
tricity consumptions measured in kWh/kWh of cell capacity
from [52] have been scaled proportionally to each cell capac-
ity. Instead, the scale-up framework published in [30] was
used for processes that differs from those involved in current
Li-ion cell production (Figure 4).

With reference to solvent reduction and recovery, because
the amount of each solvent used at the laboratory scale is
higher than on the industrial scale, a 20% solvent reduction
rate due to the scale-up was assumed in line with [30],
and kept constant for both WCS and BCS scenarios. Also,
a solvent recovery process was added (Figure 4). As a result,
additional amounts of energy consumption and cooling water
and certain solvent recovery rates were considered depending
on the solvent type and scenario.

Because additional energy is needed for the recovery pro-
cess, 6,09 kWh/kgnmp of heat and 2,045 kWh/kgnmp of
electricity were added as energy inputs for the N-Methyl-
Pyrrolidone (NMP) recovery in line with [53]. For the other
solvents, conventional fractional distillation was assumed
as the recovery process, and [30] was mainly used for the
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modelling of the process. Lastly, when [30] was not applica-
ble (i.e., when data about properties or quantities of solvent
were not sufficient, and in the case of non-binary com-
pounds), 1,53 kg of steam per kg of solvent was assumed
as proxy in compliance with [54]. Lastly, the recovery of
hydrogen fluoride (i.e., the solvent used in the manufacturing
of SiNWs) was not considered due to the high toxicity and
ability of the HF to attach to particles in the air [10]. For this
reason, it was assumed to be treated through incineration of
hazardous waste.

For the cooling water, an average of 0,027 m> per kg of
waste solvent was introduced for the condensation of the
evaporated distillate, which has been empirically determined
in [30].

The solvent recovery rate varies with scenarios, increas-
ing from WCS to BCS. Regarding the WCS, in compliance
with [30], a 68% solvent recovery rate is assumed for all
the solvents, with the exception of NMP, for which a 99,5%
recovery rate is assumed. This assumption is consistent
with [53], [55] in which 99% and 99,5% NMP recovery rates
are achieved, respectively.

With reference to waste treatment, incinerating spent
solvents is the most common approach in the case of
laboratory-scale productions [30] which leads to overesti-
mated environmental impacts if assumed for industrial-scale.
The up scaling of the waste treatment was performed based
on [30]. Solvent that was not recovered was assumed to be
treated at the production site through incineration with energy
recovery, i.e., exploiting the enthalpy of solvent combustion
to generate heat. Water that was not recovered was assumed
to be processed through wastewater treatment. Lastly, all the
spent substances that do not contain solvents were treated
through hazardous waste incineration.

3) BEST CASE SCENARIO (BCS)

The BCS is meant to be a representation of an optimized
industrial-scale scenario that combines assumptions on cell
specific energy, solvent recovery, process yields, reuse of
cleaning agents, and electricity mix decarbonization.

With respect to the BCS, the specific energies were
increased based on what is expected in future or considering
already achieved optimistic values (Table 1s and Table 2s).

For solvent recovery, the recovery rate was increased from
68% in the WCS to 80% in the BCS to use a comparable value
with the NMP recovery rate achieved in the production of
the current Li-ion cells, which ranges between 90 and 99,5%
[53], [55] (Table 2).

Because yields are optimized in industrial-scale pro-
cesses and the extent of variation between laboratory- and
industrial-scale processes can vary by orders of magni-
tude [56], certain process yields were increased in the BCS
to estimate economies of scale. For the SINWs cell, because
the laboratory-scale manufacturing process of silicon powder
in [12] has a 75% yield, the industrial-scale manufacturing
process of silicon powder was modelled as a grinding process
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with 75% yield in the WCS and 95% yield in the BCS.
The industrial-scale manufacturing process of SiNWs was
modelled with 20% yield in the WCS and 40% yield in the
BCS. For the ASS cell, to estimate economies of scale, the
yield of the pyrolysis process used to produce VGCNFs was
increased from 30% in the WCS to 50% in the BCS (Table 2).

To reduce the impact of the intensive use of cleaning agents
in laboratory-scale processes, according to what is done for
silicon wafers in [10], the amount of cleaning agents (i.e.,
acetone, ethanol, deionized water) used for SINWs manu-
facturing was halved assuming a one-time reuse. Similarly,
the amount of hydrochloric acid used for the purification of
VGCNFs was halved (Table 2).

Lastly, in the BCS, the shift in terms of time scaling was
accounted for by using for the whole foreground system the
European electricity mix expected by 2040 in [57]. All the
scenario parameters and the assumptions made in the BCS
are summarized in Table 2.

Ill. RESULTS

The following midpoint Impact Categories (ICs) of the EF
method were found to be the most relevant ones: climate
change, acidification, eutrophication freshwater, ecotoxicity
freshwater, resource use fossils and resource use of minerals
and metals.

Hereafter, sections A, B and C are focused on the six
most relevant ICs. SectionA refers to the comparison between
laboratory- and industrial-scale environmental footprints of
the Li-S cell (Figure 5), Section B refers to the comparison of
all the product systems under study (Figure 6), and Section C
refers to the hotspot analysis. Lastly, Section D refers to the
comparison of all the product systems under study, consider-
ing all the ICs of the EF method (Figure 7-8). All the results
are reported in Appendix.

In Figure 5-6, the environmental footprints are shown,
separating the contributions of the cathode (illustrated in
yellow), anode (light green), and other components (dark
green). The cathode and anode contributions include the
raw material extraction of active and inactive materials (i.e.,
additives, binders, and collectors) and energy consumption
associated with the manufacturing of each electrode. All
the other material and energy inputs are grouped under the
category “‘Others”.

A. EFFECT OF THE SCALING UP ON THE ENVIRONMENTAL
FOOTPRINT OF THE LITHIUM-SULPHUR CELL

First, the laboratory scale and industrial scale environmen-
tal footprints of the Li-S cell were compared to investigate
the potential environmental benefit due to the up-scaling
(Figure 5).

Considering the WCS, climate change is reduced by 38%
in the industrial scale production mainly because of the
cathode (-20%) and other components (-18%). In terms of
scenario settings, the significant reduction in the cathode
contribution is mainly due to solvent reduction and recov-
ery during GSC synthesis, which means partly avoiding the
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impacts of solvent production and incineration. The signifi-
cant reduction in the other components contribution is mainly
due to the scaling-up of energy consumption during cell
manufacturing. The reduction between BCS and WCS mainly
depends on the increase of the specific energy and adoption
of the 2040 electricity mix.

The category related to the use of mineral and metal
resources is not significantly affected by the scale-up from
laboratory- to WCS industrial-scale, accounting for a 4%
reduction only. In fact, in terms of scenario settings, the
metal consumption is not directly affected by either energy
consumption reduction, solvent reduction and recovery (i.e.,
solvents are water, ethanol, hydrogen peroxide and sulfuric
acid) or up scaling of waste treatments. The significant reduc-
tion between WCS and BCS, is exclusively due to the higher
specific energy of the cell in the BCS.

The other environmental impacts illustrated in Figure 5
are affected by reductions ranging from 23% to 51% passing
from LAB to WCS and from 27% to 32% passing from
WCS to BCS. The reductions from LAB to WCS in acidifi-
cation, freshwater eutrophication, freshwater ecotoxicity and
use of fossil resources are mainly driven by the up scaling
of both the GSC synthesis and energy consumption during
cell manufacturing. The reductions between BCS and WCS
are significantly affected by the specific energy increase and
adoption of the 2040 electricity mix in acidification, freshwa-
ter eutrophication, and use of fossil resources.

B. COMPARISON OF THE CELLS FOR THE SIX MOST
RELEVANT IMPACT CATEGORIES IN THE BCS
Figure 6 shows the comparison of the environmental impacts
of all the product systems under study for the six most rel-
evant impact categories and considering the BCS. Similar
results for the WCS can be found in the Appendix (Figure 2s).
For climate change, the current Li-ion cell results as the
least impactful cell, accounting for 30,9 kg COoeq/kWh,
followed by the SiCPAN cell, accounting for 42,0 kg
CO2e¢q/kWh. Contrarily, the SINWs cell is the most impactful
cell, accounting for 151,1 kg COzq/kWh (i.e., more than
three times the impact of the current Li-ion cell). This is
mainly due to the SINWs anode (80,8%), more specifically to
the SiNWs manufacturing, which accounts for 75,7% of the
entire impact of the SiNWs cell. Even more specifically, the
key drivers in terms of climate change in SINWs manufactur-
ing are the silver nitrate production (36,6%), the disposal of
hazardous wastes (19,5%), and the hydrogen fluoride produc-
tion (9,3%). Furthermore, comparing the anode contributions
to climate change of all the cells under study, the SINWs
anode has the highest impact. The ASS cell accounts for
78,5 kg CO2¢q/kWh (i.e., more than twice the impact of the
current Li-ion cell). On one side, compared to the current Li-
ion cell, the ASS cell benefits from a reduced cathode impact.
This is due to the higher specific energy of the ASS cell result-
ing in lower material input requirements per kWh. On the
other side, compared to the current Li-ion cell, the ASS cell
has a greater anode impact. In fact, nearly 58% of the entire
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FIGURE 5. Comparison of the most relevant environmental impacts of laboratory and industrial scale
productions of the Li-S cell. The impacts are normalized to the highest score in each category.

impact of the ASS cell is due to the anode, more specifically
to the manufacturing of silver nanoparticles. Furthermore,
the contribution of the ASS electrolyte is not significant in
terms of climate change, accounting for only 5,7% of the
entire impact of the ASS cell. Comparing all the electrolyte
contributions to climate change, the ASS electrolyte stands
at average between the most impactful (i.e., Li-S electrolyte)
and the least impactful (i.e., SICPAN and SiNWs electrolyte).

Lastly, the impact of the Li-S cell (52,9 kg CO2¢q/kWh)
is almost twice the impact of the current Li-ion cell. This
is mainly due to the impact of cathode production, mainly
driven by the manufacturing of GSC (41,1%).

For acidification (Figure 6), the Li-S cell has the smallest
impact, accounting for 0,36 mol H+q/kWh compared to
the current Li-ion cell, accounting for 0,48 mol H+q/kWh.
This is the result of the following two contributors: the Li-S
anode, which is characterized by a significantly increased
impact compared to the current Li-ion anode due to lithium
production, and the GSC cathode, which is characterized by
significantly reduced impact compared to the NMC cathode.
Because different types of cathodes exist, the validity of the
latter outcome is limited to the sulphur cathode considered
in this study. With reference to the SiINWs cell, the anode
continues to be the primary driver, accounting for 80,8% of
the entire impact of the cell, making it the most impactful in
terms of acidification.

For eutrophication of freshwater (Figure 6), all the cells
are characterized by significantly higher impacts than the cur-
rent Li-ion cell (0,025 kg Peq/kWh). The Li-S cell accounts
for 0,024 kg Peq/kWh, the SiCPAN for 0,039 kg Peq/kWh,
the ASS cell for 0,138 kg Peq/kWh and the SiNWs cell
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0,206 kg Peq/kWh. This is mainly due to the anodes of the
cells, accounting for higher eutrophication impacts than the
graphite anode. In the ASS cell, this is mainly due to silver
nanoparticles production, accounting for 85% of the entire
impact of the cell. The SiINWs cell remains the most impactful
cell even in terms of eutrophication, where up to 92% of the
entire impact is due to the manufacturing of SINWs.

For ecotoxicity of freshwater (Figure 6), all the cells are
characterized by higher impacts than the current Li-ion cell
(2582 CTU./kWh). In fact, while the SiCPAN cathode has
a comparable impact in terms of CTU./kWh as the NMC
cathode, the SiCPAN anode is characterized by significantly
higher impact than the graphite anode of the current Li-ion
cell. Both the SiNWs and the ASS cells are characterized by
even higher impacts than the current Li-ion cell. In fact, while
the ASS and the SiNWs cathodes generate smaller impacts
than the NMC cathode due to their higher specific energy,
which results in lower material input requirements per kWh,
the ASS and SiNWs anodes generate higher impacts than the
graphite anode of the current Li-ion cell, due to the production
of silver nitrate and silver nanoparticles, respectively.

For use of fossil resources (Figure 6), the SICPAN and the
current Li-ion cells are the least impactful cells accounting
for 646 MJ/kWh and 531 MJ/kWh, respectively. The SINWs,
ASS and Li-S cells result in significantly higher impacts with
respect to the current Li-ion cell.

For use of mineral and metal resources (Figure 6), the
Li-S cell has the smallest impact. This is due to both the
cathode, because the conventional NMC cathode is substi-
tuted with a sulphur cathode, and the anode, which accounts
for a significantly lower impact with respect to the graphite
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FIGURE 6. Comparison of the most relevant environmental impacts of the product systems under study divided by the functional

unit (Combined BCS).

anode of the current Li-ion cell. Thus, the Li-S cell results
are significantly less impactful (i.e., -47%) with respect to
the current Li-ion cell. Contrarily, the SINWs and ASS cells
show significantly larger impacts than the current Li-ion cell,
accounting for 0,107 and 0,080 kgSbey/kWh, respectively.
This is due to the use of silver during the manufacturing of
the two anodes. In fact, silver nitrate and silver nanoparticles
account for 36,6% and 91,6% of the entire impacts of the
SiNWs and ASS cells, respectively. Regarding the cathode
of the ASS cell, although it is of the NMC-type (i.e., LZO-
NMCQ) as the cathode of the current Li-ion cell, the lower
impact with respect to the current Li-ion cell is due to the
greater specific energy of the ASS cell, which results in lower
material input requirements per KWh. Lastly, the SICPAN cell
is characterized by a higher impact (i.e., +53%) compared to
the current Li-ion cell.
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C. HOTSPOT ANALYSIS

This subsection aims to shed light on the main environmental
hotspots of the product systems under study. For each cell
and for each of the six most relevant impact categories, the
main contributors of the impact are identified, and the most
significant outcomes are reported.

The production of SiNWs is the key driver of the overall
impact of the SiNWs cell, constituting the most impact-
ful contributor in almost all the six most relevant ICs
(i.e., ranging from a minimum of 74,8% in use of fossil
resources up to 96,3% in use of mineral and metal resources).
Within the production of the SINWs three main hotspots are
observed: the production of silver nitrate used as catalyst
for the SINWSs process, the disposal of waste, and the pro-
duction of hydrogen fluoride, especially in relation to the
acidification.
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FIGURE 7. Comparison of the environmental impacts of the product systems under study considering all
the 16 ICs of EF method and the WCS. The impacts are normalized to the highest score in each category.

For SiCPAN, in all the most relevant ICs, the two main
contributors of the impacts are the active cathode materials
and the copper current collector. It is worth noting that the
production of the silicon powder and PAN have negligible
influences on the impacts.

For the ASS cell, in all the most relevant ICs, the main
contributor of the impact is the anode. More specifically,
the production of silver nanoparticles generates the largest
contribution ranging from 51% up to 97% of the cell impact.
Such important contribution is associated to a small amount
of material (i.e., 0,062 kg of silver nanoparticles per kWh of
rated energy capacity). The active cathode material and the
CNFs constitute the second and the third main contributors,
respectively. The environmental footprint of the Li-S cell is
mainly driven by the production of the GSC, lithium and
copper in the current collector.

Nevertheless, except for climate change and use of fossil
resources, the GSC cathode is significantly less impactful
than the NMC cathode. This is due to the absence of the
nickel-manganese-cobalt active material.

D. COMPARISON OF THE CELLS FOR ALL THE IMPACT
CATEGORIES IN THE WCS AND BCS

Figures 7-8 show the sustainability performances of all
the cells investigated in the present study, considering all
the 16 ICs comprised in the EF method, using the WCS and
BCS, respectively. As shown in Figure 7, in the WCS, the
SiNWs cell generates the largest impacts in almost all the
ICs. The Li-S and SiCPAN cells have lower impacts than
the current Li-ion cell in 6 out of 16 and in 5 out of 16 ICs,
respectively. As shown in Figure 8§, in the BCS, the SINWs
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cell generates the largest impacts in all the ICs. The Li-S and
SiCPAN cells have lower impacts than the current Li-ion cell
in 7 out of 16 and in 2 out of 16 ICs, respectively.

IV. DISCUSSION

While the sustainability of current Li-ion cells is limited by
the usage of impactful critical metals in the cathode and
by low specific energy, the SiCPAN and Li-S cells may
overcome those limits and have lower or at least comparable
environmental impacts. This study revealed that cells devoid
of precious and critical metals are fundamental for ensuring
sustainability, at least from a resource depletion perspective.
For example, the Li-S cell has a climate change result compa-
rable to the current Li-ion cell with a significantly lower use
of mineral and metal resources.

According to [5] the impacts of the Li-S cell can be further
reduced depending on the specific energy and the type of
electrolyte salt. Moreover, with reference to the current Li-
ion cell, primary data were used in this study resulting in
50,8 kg COoeq/kWh in the WCS and 30,9 kg COz¢q/kWh
in the BCS. Nevertheless, literature studies are character-
ized by a wide range of results in terms of climate change.
Although Northvolt announced an NMC111 prismatic cell of
33 kg CO2eq/kWh (2022 status) and expects to reach 10 kg
CO2¢q/kWh by 2030 [58], it must be pointed out that an NMC
cell can reach up to 100 kg COoeq/kWh [58], [59].

Because the next-generation cells have climate change
results ranging from 42 to 151 kg CO2eq/kWh in the BCS,
improvements in terms of sustainability are needed. For
example, the SiNWs cell resulted in the greatest impacts
primarily due to silver nitrate used as catalyst for SINWs
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manufacturing. For a transition to green SSBs, the adoption
of other cell chemical compositions, such as without protec-
tive layers containing silver nanoparticles, may significantly
change the results obtained in this study. The results of a
what-if analysis assuming that silver is not used in both the
SiNWs and ASS cells revealed that the ASS cell produced
without silver nanoparticles would be the least impactful
cell among the next-generation cells considered in this study
(Figure 3s).

Lastly, it must be pointed out that this study has a cradle-
to-gate boundary. In fact, use and end-of-life phases were
neglected because of lack of data regarding the durability and
the recycling and disposal processes of the next generation
cells. The adoption of a cradle-to-grave boundary may sig-
nificantly change the results of this study depending on the
assumed cycle life and recycling process.

Lastly, only primary materials were used as input in this
investigation. However, secondary materials from scrap can
be used to produce battery cells in the future. For instance,
the usage of secondary silver might significantly alter the
outcome. Nevertheless, because secondary materials require
some treatments, before their reuse, this may compromise
the environmental advantages of secondary materials over
primary materials [60]. For this reason, the use of secondary
materials will be addressed in a dedicated work.

Potential limitations regarding the assumptions made in
this study are reported in the Appendix (Section A.8).

V. CONCLUSION
Prospective LCAs can be useful tools for making envi-
ronmental sustainability a design criterion already at the
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early stages of the battery production process. In this study,
a cradle-to-gate P-LCA was performed to compare the
environmental impacts of a current Li-ion cell used as a
benchmark and a set of next-generation cells suitable for
EV application: two silicon-anode cells (i.e., SINWs and
SiCPAN), a solid-state cell (i.e., ASS) and a Lithium-Sulphur
cell (i.e., Li-S). To effectively compare the environmen-
tal sustainability of the cells, laboratory-scale data of the
next-generation cells were up scaled. Lastly, two scenarios
were considered, namely the WCS and the BCS.

First, the effects of upscaling the manufacturing was pre-
sented for the Li-S cell for both the WCS and the BCS. It was
observed that the scale-up has a meaningful effect on the
climate change impact, which is reduced by roughly 40% in
the WCS.

Second, the product systems were compared considering
the six most relevant impact categories. Assuming the BCS,
in four out of six ICs, the Li-S cell resulted to have lower
impact with respect to the current Li-ion cell. In particular,
it exhibited reduced resource use of minerals and metals
compared to the current Li-ion cell because of the absence of
the NMC cathode and precious metals in the manufacturing
process. The impacts of the Li-S cell may be further reduced
depending on the specific energy and the type of electrolyte
salt.

The ASS cell had significant higher impacts than the cur-
rent Li-ion cell in all the impact categories assuming the BCS,
owing to silver nanoparticles. The SINWs cell had the greatest
impacts in all the six ICs because of the SINWs production.
According to the hotspot analysis, either for the SINWs or
ASS cells, the silver usage is a key driver for the impacts,
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especially in terms of resource use of minerals and metals and
ecotoxicity. The potential production of SINWs and ASS cells
without the use of silver would result in a drastic reduction of
the environmental burdens. In particular, the ASS cell would
become the least impacting cell among the next generation
cells.

Lastly, considering the entire battery pack, a cradle-to-
grave boundary and/or the use of recycled material may result
in different or additional outcomes.
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