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ABSTRACT

Lithium-ion batteries (LIBs) are essential for applications from portable devices to electric vehicles, where higher specific energy
and energy density drive innovation. As cathode research moves toward cobalt-free formulations, anode development focuses
on incorporating silicon into graphite. Although silicon production is more energy-intensive than synthetic graphite, its superior
theoretical capacity (4200 vs. 372 mAh g') reduces the material demand for equivalent electrochemical performance. This study
assessed the environmental impacts of producing and testing three anode types, graphite (benchmark, ~350 mAh g=), silicon
composite (10% Si, ~400 mAh g'), and silicon-dominant (80% Si, capacity limited at ~1000 mAh g=") using Life Cycle Assessment
(LCA) at laboratory scale. Results indicated that introducing silicon leads to lower impacts under the investigated conditions
across most of the 18 midpoint categories of ReCiPe 2016 (H). Regarding the carbon footprint, CO, emissions decreased by about
40% (from 1.33 to 0.79 kg CO,-Eq) for the silicon composite and up to 97% (0.04 kg CO,-Eq) for the silicon-dominant electrode.
Sensitivity analysis highlighted the importance of supply-chain conditions: adopting a European electricity mix and shorter
transport distances led to additional reductions even at gram-scale production. Overall, integrating silicon and optimizing regional
supply chains promoted more sustainable LIB production.

1 | Introduction aims to implement policies in favor of reducing emissions, for

example, by promoting electricity transport over fossil fuel-
The dramatic increase in greenhouse gas emissions resulting  based alternatives. Within this context, Europe is investing
from human activities is leading to the rise in extreme natural resources in the development of numerous gigafactories to
events like tsunamis, floods, and wildfires. To limit the increase  achieve independence in battery production from non-European
in temperature on Earth’s surface, the European Green Deal countries [1].

Abbreviations: LIB, Lithium Ion Batteries; LCA, Life Cycle Assessment; FU, Functional Unit; LCI, Life Cycle Inventory; MCS, Monte Carlo Simulations; G-A, Graphite Anode; SC-A, Silicon
Composite Anode; SD-A, Silicon-dominant Anode; EV, Electric Vehicle; LCIA, Life Cycle Inventory Analysis; TRL, Technology Readiness Level; PAA, Polyacrylic Acid; CMC, Carboxy Methyl Cellulose;
SBR, Styrene Butadiene Rubber; SiC, Silicon Composite; TA, Terrestrial Acidification; GW, Global Warming; FE, Freshwater Ecotoxicity; ME, Marine Ecotoxicity; TE, Terrestrial Ecotoxicity; FRS, Fossil
Resource Scarcity; FET, Freshwater Eutrophication; MET, Marine Eutrophication; CHT, Cancerogenic Human Toxicity; NCHT, Non-Cancerogenic Human Toxicity; IR, Ionizing Radiation; LU, Land
Use; MRU, Mineral Resource Use; SOD, Stratospheric Ozone Depletion; PMF, Particulate Matter Formation; POFHH, Photochemical Oxidant Formation: Human Health; POFTE, Photochemical
Oxidant Formation: Terrestrial Ecosystem; WC, Water Consumption; EQ, Ecosystem Quality; HH, Human Health; NR, Natural Resources.
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Commercial batteries are already widespread in multiple fields,
hence the demand for materials involved in production is con-
tinuously growing. Regarding the anode side, the copper current
collector remains the most impactful component in terms of
sustainability compared to the electrochemically active materials
[2]. Graphite is the material of choice for the anode thanks to
its easy manufacturability and low cost; however, some ethical
concerns related to its extraction in some countries and its limited
energy density are driving research toward other materials [3].
For this reason, the use of alternative materials, like silicon, aims
to improve the volumetric energy density and at the same time
enhance the sustainability of the process [4].

Even if research on lithium-ion batteries (LIBs) is still extensive,
this technology is progressively approaching its theoretical limits
[4]. Nonetheless, multiple and significant efforts are still neces-
sary to improve the sustainability of their production process. In
this study, the Life Cycle Assessment (LCA) has been used as
a standardized methodology for quantifying the environmental
impacts in terms of emissions and resource consumption, for
three different anode compositions (graphite, silicon composite,
silicon-dominant) [5].

In literature, multiple LCAs on silicon anodes are available,
however, a direct comparison of the results is not possible, as
these studies use different or, sometimes, unspecified boundary
conditions and functional units (FU) [6-13]. Unfortunately, as
described by Eracka et al., the omission of these key parame-
ters limits the proper comparison between different electrode
chemistries and cell configurations [14]. Thus, the LCA per-
formed in this study aims to partially fill these gaps at laboratory
level, creating a deeper connection between electrochemistry
and environmental assessment. In line with the United Nations
Sustainable Development Goals (SDGs), with specific relevance
to Objectives 7, 9, and 12, this study supports the development
of more sustainable energy storage technologies by providing an
early-stage life cycle assessment of emerging silicon-based anode
materials, enabling environmentally informed design choices in
LIB research. All the electrodes and the cells were manufactured
at laboratory scale, and all the data were carefully collected to
guarantee the construction of a Life Cycle Inventory (LCI), based
entirely on primary data for the foreground system.

This study aims to serve as a reference study for an LCA
fully based on primary foreground data along all the analy-
sis steps, enabling the direct comparison of different anode
chemistries: graphite (G-A), silicon composite (SC-A) and silicon-
dominant (SD-A), which is still lacking in the literature [15, 16].
The manufactured electrodes were produced at the laboratories
of Politecnico di Torino, electrochemically tested and finally
assessed through the LCA using two functional units: 1 Ah of
anode capacity and 1 kg of anode. The objective of this study
was to provide LCA results based on practical electrochemical
measurements, instead of calculations based on theoretical val-
ues, which led to an overestimation of the performance of these
electrodes.

In the first part of the study, the production processes of the
three anode types were compared with the ReCiPe 2016 Midpoint
(H) method, confirming previous findings that increasing silicon
content can reduce the impact of this production stage [7]. In

—— 1991: Starting Point
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FIGURE 1 | Conceptual timeline of anode materials used in com-
mercialized LIBs. On the right side are provided additional details about
the anode slurry composition used in this work.

the second part, a prospective LCA was performed to assess how
sourcing all materials within Europe could influence the environ-
mental impacts of cell production, highlighting the relevance of
supply chain localization [17]. In the third part of the work, Monte
Carlo Simulations (MCS) were performed to quantify uncertainty
within the performed LCA. Finally, the last part was based on
the calculations with the ReCiPe 2016 Endpoint (H) method to
perform a more complete calculation.

2 | Methodology
2.1 | Goal and Scope definition

Following the guidelines clearly expressed by Scrucca et al., the
goal and the scope of this study is to quantify the environmental
impact, with a focus on the Carbon Footprint of the production
processes of three different types of anodes that contain different
amounts of silicon [15]. Although this research approach is not
completely new in the LCA field, as some studies have already
been published, these analyses typically do not rely entirely on
primary data for generating a complete life cycle inventory (LCI)
across all individual production steps [7, 9-11, 13].

The anodes examined in this study correspond to different
generations of European LIB technology. The first type is a
graphite-based anode (G-A) representing Generation 2, which
was introduced in commercial LIBs in 1991 and remains the most
widely used anode material [18]. Approximately a decade ago,
Generation 3a anodes, characterized by the addition of less than
10% silicon, started to be introduced into the market to enhance
energy density, is hereafter referred to as silicon composite anode
(SC-A) [18]. Looking ahead, Generation 3c anodes, which can
incorporate silicon in proportions exceeding 50%, are expected to
become prevalent [19, 20]. In this study, silicon-dominant anode
(SD-A) with a silicon content of 80 wt.% is selected for this
generation (Figure 1), according to promising results reported in
previous studies [20, 21]. Further details on the morphology of the
investigated materials are provided in Figure SI and in work [22].

This study also investigates the influence of the functional unit
(FU), in accordance with ISO 14040 and ISO 14044 standards and
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FIGURE 2 | The system boundary is represented by the green rectangle, while red ovals indicate the production steps. Black ovals represent the
materials and components involved in the process as inputs, while blue squares represent the outputs.

consistent with previous studies [15]. When the entire electric
vehicle (EV) is assessed, the most used FU is 1 vehicle-kilometer
(vkm) [9, 11, 13]. For studies focused on battery packs, common
FUs include 1 kWh of storage capacity or 1 kg of battery mass
[10, 23]. Similarly, a FU of 1 kg is frequently used for single
modules or cells [7]. At a more specific level, although relatively
few LCA studies focus only on electrode production, also these
studies commonly adopt a mass-based FU (1 kg) [10, 12, 23].

In our study, multiple FUs were employed for the anode produc-
tion phase. In particular, two FUs were selected: 1 kg of anode
produced, aligning with prior assessments, but which limits
direct comparison, because of the absence of electrochemical
performance [10, 12, 23, 24]. For this limitation, a custom FU of
1 Ah of anode capacity was introduced in this work, becoming
particularly relevant when considering the final application of
the anodes in full cell configuration. Comparing results based on
these two FUs offers a deeper understanding of how FU selection
can influence interpretation depending on the study’s goal.

The LCA was modelled using the open-source software OpenLCA
developed by GreenDelta. The ReCiPe 2016 Midpoint (H) and
Endpoint (H) methods were selected for the Life Cycle Inventory
Analysis (LCIA) as widely used in the literature, permitting a
comparison between the results [7, 9, 10, 23, 25]. Secondary data
such as transportation and electricity were obtained from the
Ecoinvent 3.11 database.

2.2 | System Boundaries and Assumptions

The LCA performed in this work adopts a cradle-to-gate approach
(Figure 2), based on the different anode chemistries, using
graphite as the benchmark and evaluating the impact of silicon
content increment.

An innovative aspect of this study is the evaluation of the envi-
ronmental impact due to the transportation activities involved in
sourcing the raw materials used for coin cell production. Starting
from the current global supply chain scenario, a prospective case
was developed by modeling a hypothetical supply chain located

entirely within Europe. This scenario enables quantification of
how transportation distance and associated impacts affect the
environmental profile of the production process [25].

Another contribution of this study is the quantification of produc-
tion scraps. Due to the low technological readiness level (TRL) of
the laboratory-scale processes used, the scrap rate was estimated
to be slightly below 40%. In contrast, established industrial-
scale processes typically achieve scrap rates as low as 5% [26].
This difference is significant and must be considered in any
broader evaluation of environmental impact or scale-up potential
assessment. Indeed, laboratory scale production is characterized
by a huge amount of inefficiency compared to the industrial and
most efficient commercial production [16].

Several assumptions were necessary for the LCA modeling
process. Since the additive styrene-butadiene rubber (SBR) is not
available in the Ecoinvent database, the generic “latex” dataset
was used as a proxy during the mixing step. For Polyacrylic
Acid (PAA), the dataset for “acrylic acid” was used as the input,
while the contribution of the polymeric process was considered
negligible, as previously proposed by Nuss et al. [27]. Similarly,
for the silicon-carbon composite (SiC) used in this study, which
contains 10% silicon, no specific dataset was available; therefore,
“silicon carbide” containing 50% silicon was selected as a proxy.
For silicon-dominant anodes, metallurgical-grade silicon was
selected as a representative proxy for the actual silicon employed,
in line with previous work [9]. The water used during the
mixing process was assumed to be completely removed during
the subsequent drying stage. Moreover, the Italian electricity
mix was applied for all energy-related calculations, reflecting the
location of the experimental production processes carried out at
the laboratories of Politecnico di Torino.

Since all the electrode production processes were performed with
water-based binders (both anodes and the cathode), it can be
reasonable to assume that for the scale-up process, the impact
associated with the strict controlled environment (dry room),
which is mandatory for most cathodes, can be significantly
reduced [14, 28]. Under such circumstances, only the electrolyte
filling step would still require a controlled environment.

Advanced Sustainable Systems, 2026
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LCA

'

FIGURE 3 | Summary of the production process starting from the
mixing step of the materials, moving through the coating and the drying
step to obtain the dried laminate and finally the cutting step to obtain the
single electrodes.

2.3 | Life Cycle Inventory and Manufacturing
Process

The Life Cycle Inventory (LCI) of the electrode production
process, developed in this study is based on primary data: the
weight of the materials and the electricity consumption were
directly collected from the laboratory-scale production. All the
other data involved in the LCI, such as raw materials extraction
and transformation are complemented with background data
from the database Ecoinvent 3.11 Cutoff Unit—Processes. This
methodological choice is supported by Carvalho et al. who
demonstrated the importance of using primary data for the
calculations, comparing two systems, and quantifying the error
related to the different types of data chosen [29].

The production process that will be described in this work
is a multistep production process, graphically summarized in
Figure 3, to finally produce a real coin cell. Initially, three types
of anodes G-A, SC-A and SD-A were manufactured using opti-
mized procedures specific to their composition. Subsequently,
some electrodes were paired with lithium metal as the counter
electrode to measure their practical capacity under operational
conditions, ensuring that capacity values reflected realistic use
rather than theoretical performance.

For the construction of the complete LCI, a comprehensive set
of data related to the power and time of the instruments was
collected in Table S1, for the graphite anodes, Table S2, for
the silicon composite anodes, Table S3 for the silicon-dominant
anodes.

The production process applied in this work aimed to simulate
the industrial electrode production process as closely as possible,
taking into account the inherent limitations of the facilities
involved. A summary of the production steps is reported in
Table 1. The process began with mixing all components with the
solvent in a multi-step sequence; the wet slurry was then tape-cast

onto the current collector and the electrode sheets were dried in
an oven. The final step was manual punching of the electrodes
into 15 mm discs. A more detailed description of the electrode
production process is provided in the Supporting Information.

The electrodes thus prepared were individually weighed, and
their thickness was measured to evaluate uniformity of the
coating machine: the data are reported in Table 2. In general, the
electrodes exhibit certain variations, which are also observed at
the industrial level, although in that context the coating quality
can be more readily assessed [30].

As mentioned before, the electrodes were tested to measure the
practical capacity, as was done by Philippot et al. [9]. The config-
uration was coin cell 2032 (Figure 4A), further details about the
testing conditions are available in the Supporting Information.
The electrochemical results obtained from testing these materials
are reported in Figure 4B, with additional electrochemical data in
Table 3. The instrumentally measured practical capacities were
1.684 mAh for G-A, 2.913 mAh for SC-A, and 4.016 mAh for SD-A.
Normalizing these values by the amount of active material yielded
specific capacities of 350 mAh g~! for G-A, 400 mAh g~ for SC-
A, and 1000 mAh g for SD-A (Figure 4B). The corresponding
volumetric capacities, calculated from the measured practical
capacities and electrode volumes, were 20.79 mAh cm™ for G-
A, 33.10 mAh cm™ for SC-A, and 61.78 mAh cm™ for SD-A. As
expected, these results confirm that increasing the silicon content
in the electrodes enhances performance by improving the final
volumetric capacity of the batteries. Additional details on the
electrochemical performance of the investigated materials are
provided in the Supporting Information.

2.4 | Life Cycle Impact Assessments

To ensure consistency with existing literature, the ReCiPe 2016
Midpoint Hierarchist (H) method was selected, as it is widely
applied in LCA studies of LIBs [7, 9, 10, 23, 25]. The quantification
of impacts across 18 categories enables higher transparency
and reduces uncertainties when comparing alternative material
systems at an early stage of development [25]. All 18 impact
categories provided by the method are reported, while the
most representative impact categories are further discussed. The
Hierarchist perspective provides a balanced consideration of
both short- and long-term environmental effects. Given that the
materials investigated include non-commercial and exploratory
anode formulations, midpoint indicators allow a more robust and
interpretable comparison of environmental trade-offs associated
with material production and processing.

In addition, a complementary evaluation using the ReCiPe 2016
Endpoint Hierarchist (H) method was performed to provide a
more aggregated and intuitive overview of global impacts. This
approach aggregates midpoint categories into three damage cate-
gories: Ecosystem Quality (EQ), Human Health (HH) and Natural
Resources (NR) [25]. While endpoint indicators can support
broader interpretation and decision-making perspectives, they
rely on additional modeling assumptions and damage pathways
that may increase uncertainty when applied to emerging tech-
nologies, and are therefore used here as a complementary rather
than a primary assessment [31].
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TABLE 1 | Stepsinvolved in the production process of the electrodes

, more information are provided in the Supporting Information.

G-A SC-A SD-A
Mixing Time: 210 min Time: 210 min Time: 80 min
Rpm: 2200 Rpm: 2200 Rpm: 1000
Coating Time: 10 min Time: 10 min Time: 10 min
Drying Time: 60 min Time: 60 min Time: -
Temperature: 50°C Temperature: 50°C Temperature: RT
TABLE 2 | Characteristics of the electrodes depending on their chemistry.
Wet Thickness Dry Layer Dry Layer
Chemistry Solid Fraction (%) Deposition (um) Thickness (um) Volume (cm?) Weight (mg)
G-A 40 100 46 £1 0.081 15.47 £ 1.60
SC-A 50 100 50+1 0.088 16.09 + 0.35
SD-A 60 50 37+5 0.065 14.94 + 0.60
B)
1000 A A A A A A A A A A
A) ep 900
Negative Case ‘ = ]
Spring E . " GA
b e £ 7004 ® SC-A
Spacer ¢ ) %‘ 600 - A SD-A
g 500
Whatman GF/D Separator < 4004 ® © o o <
Lithium == = " g ammm s 888
- 2 300
Positive Case ‘ ’ g 2004
& 100
0 ———— T
0 1 2 3 4 5 6 7 8 9 10 Il

FIGURE 4 | (A)Coin-cell components for the material testing; (B) E
the anode materials tested versus lithium.

2.5 | Sensitivity Analysis

The sensitivity analysis was partially based on the approach pro-
posed by Lavigne Philippot et al. and investigates in more detail
the impact of the supply chain [9]. As is widely known, many of
the materials required for battery production currently originate
from China and, more generally, from Asia [32]. Strengthening
the European supply chain could therefore significantly reduce
the Global Warming impact associated with battery production.

TABLE 3 | Electrochemical data measured in the experiments: The

Cycle Number

lectrochemical results of the electrodes produced for this LCA: half-cells with

In the context of rapidly growing demand for electric trans-
portation, the European Union has introduced the European
Critical Raw Material Act with the aims of strengthening the EU’s
strategic autonomy by enhancing the resilience, sustainability,
and diversification of supply chains for critical raw materials
[33]. Several studies in the literature have explored the supply
chain impacts of LIBs at different levels, focusing either on the
extraction and processing of specific elements such as graphite,
cobalt, and manganese, or on the influence of manufacturing

practical capacity is the value measured with the instrument, the volumetric

capacity is calculated from the practical capacity and the volume of the electrodes.

Practical Practical Capacity Volumetric Capacity
Chemistry Capacity [mAh] [mAh g'] [mAh cm~3]
G-A 1.684 350 20.79
SC-A 2.913 400 33.10
SD-A 4.016 1000 61.78
Advanced Sustainable Systems, 2026 50f20
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location on the battery production process [24, 34, 35]. In particu-
lar the study of Philippot et al. highlighted that the electricity mix,
and consequently the production country, can significantly affect
the global warming potential related to the battery production
process [24]. However, to the best of the authors’ knowledge, the
potential benefits of a fully European supply chain for LIBs have
not yet been comprehensively evaluated.

In this study, a single sensitivity case was analyzed in which the
supply chain was assumed to be entirely European. The baseline
scenario reflected the actual situation, where most materials
(graphite, silicon composite, carbon black, CMC, SBR, current
collectors and cell components) were sourced from outside
Europe. In the prospective scenario, the same materials were
assumed to be supplied by European producers. Accordingly,
transportation processes were modeled using the Ecoinvent
database, which provides data derived from Eurostat, the official
European statistical office [36].

It is important to note that this sensitivity analysis accounts only
for transportation routes and does not consider potential varia-
tions in production processes. Nevertheless, the results indicate
that strengthening the European supply chain could substantially
reduce the global warming impacts of battery production, not
only due to shorter transport distances but also because of the
higher share of renewable energy in the European electricity mix
compared with countries such as China. This aspect has also been
underlined in the study of Philippot et al. [24].

2.6 | Data Quality and Uncertainty Quantification
Using a Pedigree Matrix

In line with the approach of Philippot et al., this study evaluates
uncertainties through the use of a Pedigree matrix, a system that
allows the quantification of uncertainty even in the absence of
explicit statistical values such as standard deviations [9]. The
Pedigree approach distributes uncertainties across five indepen-
dent categories, each assigned a score between 1 and 5, where
1 represents the lowest uncertainty and 5 the highest. In the
Ecoinvent Data Quality System the indicators are Reliability,
Completeness, Temporal Correlation, Geographical Correlation
and Further Technology Correlation.

Quantification of wuncertainties remains a relatively
underdeveloped aspect of LCA. Although Igos et al. proposed
a more structured framework for uncertainty evaluation,
many LCAs do not explicitly report it, particularly in studies
of emerging technologies, where uncertainties are often
overlooked [37].

In this work, owing to comprehensive data collection, primary
foreground data were not associated with uncertainties, as they
were directly measured during electrode and cell preparation.
Greater attention was therefore placed on the background
data. For electricity and transportation, all distributions were
assumed to be lognormal, and the geometric standard deviation
was calculated based on the Pedigree matrix factors. Uncer-
tainties in electricity consumption were minimized because
consumption was measured directly, with precise knowledge
of instrument power and operation times; nonetheless, some

uncertainty remains due to fluctuations in electricity supply.
Transportation data were subject to greater uncertainty, as only
partial information on suppliers was available and exact con-
ditions were unknown; consequently, background uncertainties
from the Ecoinvent database were adopted as representative
values. These uncertainties had the strongest influence on the
part of the study assessing the prospective European supply
chain.

Uncertainties on global warming (GW) were evaluated through
MCS with 10,000 iterations, following the approach adopted in
similar studies, as this provides a good balance between result
quality and computational time [9, 37]. The MCS allow for
the identification of mean and median values: the greater their
deviation from the deterministic value, the higher the impact of
the uncertainties.

2.7 | Criticism and Limitations

It is worth noting that possible limitations of this study are
mainly linked to the Technology Readiness Level (TRL) of
the processes considered. In fact, all experiments presented
here were conducted at a laboratory scale, and the results
cannot be directly extrapolated to industrial conditions, where
production is generally more efficient and emissions per unit
output are lower. For example, estimates for gigafactory-scale
production suggest considerably lower impacts than those
observed in pilot or laboratory lines [38]. Nonetheless, similar
environmental trends are expected at a larger scale due to
the inherently more efficient processability of silicon-dominant
anodes.

Another important limitation is the adopted system boundary.
As a cradle-to-gate LCA, this study does not include the use
phase or end-of-life stage. This choice is justified by the fact
that the coin cells were fabricated exclusively for research pur-
poses and not intended for commercial applications. The use
of the coin cell configuration is mainly motivated by its ease
of assembly, which allows precise control of each fabrication
step. This manual assembly also ensures higher reproducibility
within laboratory scale experiments, although still limited by
operator variability. Furthermore, coin cells are not the dom-
inant industrial format, as cylindrical and prismatic cells are
more widely employed in the automotive sector and pouch in
portable devices. In addition, LCAs on lithium coin cells remain
poorly explored in the literature and are typically used only
as benchmarks for comparing new technologies, such as solid-
state Li-S and Na-ion with the currently most common of Li-ion
chemistry [39].

The very small quantities of material involved, often just a
few grams or fractions of grams, also represent a limitation,
making direct comparisons with industrial-scale studies more
challenging. However, even though the materials are processed in
small quantities, as typical of university laboratory conditions, the
results of this work can serve as a valuable starting point for future
upscaling analyses and for bridging the gap between laboratory
and industrial production. This limitation is particularly evident
in the prospective European supply chain scenario, where varia-
tions in environmental impact are present but small, highlighting
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that supply chain effects remain relevant even for minor transport
quantities.

Finally, limitations arise from the database itself: although
Ecoinvent is one of the most widely used and regularly updated
databases, some datasets remain outdated. For instance, data
related to EURO6 Lorry transportation, the most recent still
reference values from the 2013 update, while the dataset for
European production of carboxymethyl cellulose states that
calculations are based on “average technology from the mid 90s.”
These examples highlight the challenges inherent in obtaining
fully representative LCI data and show how database limitations
can influence the accuracy of LCA results.

3 | Results and Discussion

The results of the life cycle assessment are presented in the
following sections, addressing first the production of anodes, then
the impacts of a European supply chain, and finally the uncer-
tainty analysis performed through MCS. This comprehensive
framework enables a consistent and robust comparison among
graphite-based (G-A), silicon composite (SC-A), and silicon-
dominant (SD-A) anodes, under both mass- and performance-
based functional units.

Increasing the silicon content to 80% in the SD-A provides
advantages not only in terms of specific capacity, leading
to higher energy density at full-cell level, but also in terms
of material processability, enabling faster mixing and dry-
ing steps. The optimization of these processes significantly
reduces electricity demand during the production phase, thereby
contributing to an overall improvement in environmental
performance.

Although most of the materials used in this study were sourced
outside Europe, with the exception of silicon supplied by E-Magy,
located in the Netherlands, a prospective scenario assuming a
fully European supply chain is developed to assess the influence
of geographical relocations on environmental impacts [40]. This
scenario highlights the relevance of transportation impacts,
even for relatively small material flows, while also emphasizing
the benefits associated with shorter supply routes and cleaner
regional energy systems.

The superior electrochemical performance of silicon-based elec-
trodes implies that smaller quantities of active material are
required to achieve comparable capacity, directly translating
into lower environmental impact across all impact categories.
Furthermore, most of the materials currently used in battery
manufacturing are imported from China, where the energy
mix is still dominated by coal (around 60%) while renewables
account for less than 35%. Although the situation is gradually
improving, it still contrasts sharply with the European context,
where renewable sources contribute nearly 50% of total electricity
generation and coal combustion less than 11% [41]. Consequently,
even though silicon production is an energy-intensive process,
its overall environmental impact is substantially mitigated when
manufacturing occurs within Europe [7, 10]. The sensitivity
analysis confirms that adopting a fully European supply chain
not only reduces transportation-related impacts due to shorter

distances but also decreases production-related impacts owing to
the cleaner electricity mix.

When considering the production of 1Ah of electrodes, the
number of laminates required highlights the advantage of silicon-
rich anodes. Approximately 594 electrodes with a diameter of
15 mm of G-A (equivalent to 7.9 laminates) are needed, compared
to 343 electrodes of SC-A (4.6 laminates) and only 249 electrodes
of SD-A (3.3 laminates). The lower number of laminates required
to achieve the same capacity reduces both production time and
waste generation.

In contrast, for the 1 kg functional unit, the material requirements
are significantly larger. To produce 1kg of G-A or SD-A electrodes,
around 933 laminates are needed, corresponding to almost 70,000
electrodes per chemistry. SC-A electrodes, being heavier, require
fewer pieces, about 62,150 electrodes, equivalent to 829 laminates.
These differences in scale highlight how FU choice strongly
influences interpretation.

The percentage contribution of individual anode components,
presented in Figure 5 and Table S4, reveals a clear trend across
chemistries. For G-A (Figure 5A), the copper current collector
dominates most categories, often exceeding 90% of the total
impact, except in fossil resource scarcity (FRS), where the
petroleum-based SBR binder is particularly significant. Mineral
resource use (MRU) is almost equally driven by graphite itself
and by copper current collector, as the synthetic graphite con-
sidered in the Ecoinvent database is produced via the Acheson
process, which uses petroleum coke. For SC-A (Figure 5B), the
silicon carbide precursor becomes the major contributor across
multiple categories due to its highly energy-intensive production
process. Similarly, for SD-A (Figure 5C), the dominant influence
comes from silicon production, which is predominant over other
materials despite the higher share of binder (PAA) used for this
system [10].

All the anode components are included and divided between
active material, conductive additive, binders and current col-
lector. In G-A, the copper current collector is among the most
impactful components across categories, whereas its contribution
is less pronounced in silicon-based electrodes, where the silicon
production process becomes the dominant contributor. In addi-
tion, further considerations can be made: for G-A the FRS impact
category is characterized by a not negligible percentage of all the
other components, in particular, the SBR is a petroleum-based
material which has the greatest contribution for the binder’s
section. For the SC-A type of anode, the impact of the silicon
carbide production is more evident, with its high contribution
in more categories, this effect can be mainly attributed to the
most energy-intensive production process of the silicon carbide
compared to the graphite. A similar interpretation can be done
for the SD-A percentage contribution, where silicon production
becomes once again one of the most impactful processes.

The contribution analysis excluding current collectors (Figure 5;
Table S5) reinforces these trends. For G-A (Figure 5D), the
contribution of each component varies across impact categories:
for TA and GW, which are mainly driven by electricity production,
the contributions are more evenly distributed. For the FRS, the
contribution of the conductive additive exceeds that of the active
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FIGURE 5 | (A-C)Percentage contribution of the anode components, including active material, conductive additive, binders and current collector:
(A) Graphite; (B) Silicon Composite; (C) Silicon-Dominant. (D-F) Percentage contribution of the anode components excluding current collector,
including active material, conductive additive and distinguish between binders: (D) Graphite; (E) Silicon Composite; (F) Silicon-Dominant. This
percentage impact is the same for the two functional units (1Ah and 1 kg).

material, despite its smaller proportion, and is comparable to whose production process is based on some wood-containing
that of SBR due to their shared petroleum-based precursors. In pulps, which are chemical treated to obtain some specific char-
the case of MRU, which is the impact category that considers acteristics, but the main responsible is still from the agricultural
the use of mineral resources, the greatest contribution is from sector. Both for the SC-A (Figure 5E) and for SD-A (Figure 5F),
graphite itself. For the LU, the main contribution is the CMC, the contribution of the silicon materials is so high that the other

8 0f 20 Advanced Sustainable Systems, 2026

8508017 SUOWILLIOD BAIRR.1D) 3 (eatidde Uy Aq pausenoh ake SOl YO '8N JO S3|NJ 104 ARG 1T BUIIUO AB]IM UO (SUOHIPUOD-PUE-SWBI L0 A 1M ARe1d]1BUTUO//SANY) SUORIPUOD PUB SWIS L 3} 89S *[9202/20/.2] U0 Aiq1T8U1IUO AB]IM 'OULIOL IQ }iod BA 1418 8IS OULOL 1Q 091U3BHIOd AQ 9/GT0SZ0C TSPe/Z00T 0T/I0p/LI0D" A3 |1 A g1 U U0 paoueDe//SAIY WOl pepeouMoq ‘g ‘9202 ‘9879952



contributions are almost negligible, especially for the SC-A. In
case of the SD-A the PAA presents some contributions to the
impacts also because it is added in higher percentages compared
to the other binders (10% instead of 1%-2%). In addition, the
acrylic acid monomer originates entirely from fossil resources,
and the use of catalytic materials from mineral resources in its
production process significantly contributes to the MRU and MRS
categories.

Considering these values, in the following sections the impacts
calculated will be described and discussed in more detail.

3.1 | Environmental Impact of the Production of
1Ah of Anodes

After the production and the testing of the three types of anodes,
their Midpoint impacts were calculated based on the ReCiPe 2016
Midpoint (H) method and the results per each impact category
are reported in Table 4. As previously mentioned, across all the
impact categories, the presence and increasing content of silicon
in silicon-based anodes enhanced electrochemical performance,
thereby reducing the number of electrodes needed to achieve 1Ah
and consequently lowering the associated impacts. Considering
the G-A as the baseline, the percentage reduction was calculated
to be between 38% to 42% for the SC-A, while for the SD-A the
reduction was substantial, with values between 82% and 97%
(Figure 6A,B).

This significant reduction is attributable to two factors: the
smaller quantity of materials required to achieve the same elec-
trochemical performance, and the European-based production
process of the SD-A. This results from the higher electrochemical
capacity of silicon compared with G-A and SC-A, which reduces
the number of electrodes required to achieve the same perfor-
mance, and from the optimized SD-A production process, which
minimizes the mixing procedure and eliminates the drying step.
In this case, the reliance on renewable resources in the European
energy mix clearly demonstrates that favoring such electricity
sources can significantly improve the overall sustainability of the
process.

Starting from TA, the G-A had an impact of 0.003093 kg SO,-Eq,
the SC-A had 0.001862 kg SO,-Equation (—40%) and the SD-
A had a value of 0.000196 kg SO,-Equation (—94%). The main
contributor processes in this category are mining and metallurgic
activities, with copper current collector as the primary driver.

Regarding the GW, the impact of the G-A was 1.33 kg CO,-Eq,
while for SC-A was 0.79 kg CO,-Equation (—41%) and for SD-A
was 0.04 kg CO,-Equation (—97%). The main contributor of this
category is the energy consumed during the production phase.
The substantial reduction observed for SD-A reflects its simplified
production process, characterized by faster mixing, elimination of
the drying step, and reliance on the European electricity mix for
silicon production.

TE showed a stronger decrease, from 1.42 kg 1.4-DCB-Eq to
0.84 kg 1.4-DCB-Equation (—41%) for SC-A and to 0.25 kg 1.4-
DCB-Equation (—82%) for SD-A. The ecotoxicity impacts are
mainly due to the mining process, thus, even though the recycling

step was not considered in this study, M. Lavigne Philippot et al.
described that all the ecotoxicity impacts can be further reduced
when the mining process are avoided [9]. Hence, to generally
improve the sustainability of this process, recycled materials
should be preferred to reduce the impacts on ecotoxicity.

In case of the FRS, the value for the G-A was 0.431 kg oil-Eq, for
the SC-A the value was 0.255 kg oil-Eq and for SD-A was 0.012 kg
oil-Eq. The percentage reduction was 41 and 97% for SC-A and SD-
A, respectively. In this case, the main contributor to this impact
is the SBR, for its petroleum-based origin. In Figure 5 shows
that its contribution accounts for nearly half of the total FRU,
indicating that its impact is significant and that the development
of innovative, bio-based binders should be pursued.

Regarding the LU the G-A presented an impact of 0.028 m**a
crop-Eq, the SC-A reduced this impact at 0.017 m**a crop-Eq
meaning a percentage decrease of 41%. While for the SD-A the
impact was reduced to 0.002 m?*a crop-Eq, with a percentage
reduction of 93%. The main responsible for this category is the
CMC because it is originated from wood-containing pulps, which
are directly produced in the agricultural sector.

For the MRU the G-A produced an impact of 0.0163 kg Cu-Eq,
the SC-A an impact of 0.0089 kg Cu-Equation (—45%) and the
SD-A a reduction up to 0.0009 kg Cu-Equation (-95%). As for
the other categories (Figure 5), the copper current collector is the
main responsible for this type of impact for all the types of anodes
considered. However, in case of the G-A, its impact (49.76%) is
almost the same as the graphite (49.18%). This effect is not evident
for the silicon-based anodes: in fact, in case of the SC-A the silicon
composite impact for the 18.44% and in the case of the SD-A the
impact is 18.02%. The resources required for the production of
graphite, even if it is synthetic like the one used in this work,
have a great impact on the MRU, due to its production process,
based on the Acheson process, as declared in the Ecoinvent
database.

3.2 | Environmental Impact of the Production of
1 kg of Anodes

When normalized to the functional unit of 1 kg of anode
produced, the overall impacts are considerably higher than those
for the 1 Ah functional unit, reflecting the substantially greater
material requirements (Figure 6C,D).

Table 5 reports the impact of values and corresponding percentage
reductions compared with graphite-based anodes. Overall, the
trend is consistent with that observed for the 1 Ah FU: increasing
silicon content reduces environmental impacts, although the
magnitude of this reduction varies.

As previously reported by Vijara et al. [7] the addition of 10% or
less of silicon is not enough to observe a noticeable effect on envi-
ronmental impact. In fact, for the SC-A, which contains only 10%
of silicon, the reduction compared to G-A is relatively small, typ-
ically below 10%, with the notable exception of mineral resource
use (MRU), where the reduction reaches approximately 15%. For
the SD-A, containing 80% silicon, the reductions are much more
significant across most categories, with values between 58% and
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TABLE 4 | Life cycle environmental impacts calculated for the actual production of 1Ah of different types of anodes.

Results per 1 Ah of production

Impact category Unit Graphite Silicon Composite Silicon-dominant
Acidification: kg SO,-Eq 0.003093 0.001862 0.000196
terrestrial (TA)

Climate change (GW) kg CO,-Eq 1.334065 0.792770 0.040852
Ecotoxicity: freshwater kg 1,4-DCB-Eq 1.236692 0.766139 0.505038
(FE)

Ecotoxicity: marine kg 1,4-DCB-Eq 1.478156 0.915604 0.602320
(ME)

Ecotoxicity: terrestrial kg 1,4-DCB-Eq 1.421925 0.839153 0.251907
(TE)

Energy resources: kg oil-Eq 0.431055 0.255443 0.012012
non-renewable, fossil

(FRS)

Eutrophication: kg P-Eq 0.000329 0.000198 1.89E-05
freshwater (FET)

Eutrophication: marine kg N-Eq 3.00E-05 1.80E-05 1.10E-06
(MET)

Human toxicity: kg 1,4-DCB-Eq 0.122757 0.073376 0.005570
carcinogenic (CHT)

Human toxicity: kg 1,4-DCB-Eq 1.008620 0.600234 0.165588
non-carcinogenic

(NCHT)

Ionizing radiation (IR) kBq Co-60-Eq 0.178266 0.105477 0.004144
Land use (LU) m?*a crop-Eq 0.028259 0.016668 0.001979
Material resources: kg Cu-Eq 0.016292 0.008966 0.000873
metals/minerals

(MRU)

Ozone depletion (SOD) kg CFC-11-Eq 6.01E-07 3.53E-07 1.83E-08
Particulate matter kg PM,s-Eq 0.001196 0.000728 6.94E-05
formation (PMF)

Photochemical oxidant kg NO,-Eq 0.002088 0.001250 8.83E-05
formation: human

health (POFHH)

Photochemical oxidant kg NO,-Eq 0.002231 0.001335 9.34E-05
formation: terrestrial

ecosystems (POFTE)

Water use (WC) m? 0.018098 0.010571 0.000990

90%, although freshwater and marine ecotoxicity (FE and ME)
show more modest improvements. This could be related to the
silicon production process which is the most impactful process
along the supply chain [10].

Considering the GW, the G-A presents a high emission of 157 kg
CO,-Eq, which are partially reduced to 143 kg CO,-Equation
(—=9%) for the SC-A and dramatically reduced to 11 kg CO,-
Equation (—93%) for the SD-A, confirming the advantage of the
silicon-dominant chemistry in reducing carbon emissions per
unit of electrode mass.

Moving toward the ecotoxicity impacts, for the FE and the ME
the trend reversed compared with the 1Ah FU. G-A recorded
145.6 kg 1,4-DCB-Eq and 174.1 kg 1,4-DCB-Eq for FE and ME,
respectively. SC-A slightly reduced these to 138.7 kg 1,4-DCB-
Equation (-5%) and 165.8 kg 1,4-DCB-Equation (—5%), but SD-A
achieved only marginal improvements, with 141.8 kg 1,4-DCB-
Equation (—3%) for FE and 169.1 kg 1,4-DCB-Equation (—3%) for
ME. This behavior is attributed to the high energy demand of
silicon production, which becomes more prominent when the
functional unit is the electrode mass. For TE, the impacts were
167.5 kg 1,4-DCB-Eq for G-A, 151.9 kg 1,4-DCB-Equation (—9%) for
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SC-A, and a significantly lower 70.7 kg 1,4-DCB-Equation (—58%)
for SD-A

FRS, also reflects the advantages of silicon-dominant electrodes:
G-A had the value of 51 kg oil-Eq, the SC-A the value of 46 kg
oil-Eq and the SD-A the value of 3 kg oil-Eq. The percentage
reduction of SC-A is 9% and for the SD-A the 93%. Considering
these values, it is evident that the contribution of the SBR
is important for the G-A and SC-A, and its absence led to a
dramatical decrease of resource use in the case of the SD-A.

In summary, these results indicate that the environmental bene-
fits of silicon are more evident when assessed with performance-
based metrics (e.g., 1 Ah) rather than mass-based metrics (e.g.,
1kg). Nevertheless, the silicon-dominant anode achieves substan-
tial reductions across most impact categories, underscoring its
potential to lower the environmental footprint of anode produc-
tion, particularly when combined with optimized manufacturing
processes and cleaner energy mixes.

3.3 | European Supply Chain Impact on the
Anodes Production

The sensitivity analysis was performed to evaluate how sourcing
all materials within Europe would affect the environmental
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Graphical representation of the percentage reduction along the impact categories for the two FUs: (A) Radial diagram for 1 Ah;
(B) Histogram for 1 Ah; (C) Radial diagram for 1 kg; (D) Histogram for 1 kg.

impacts of anode production. In the baseline scenario, which
reflects the current situation, most of the key inputs, including
graphite, silicon composite, carbon black, binders such as CMC
and SBR, as well as current collectors and other cell components,
are imported from outside Europe, primarily from China. In
the prospective scenario, all these materials were assumed to be
supplied by European producers.

As already described in the sub-chapter “Sensitivity analysis”
of the previous section, transportation modelling was carried
out using the Ecoinvent database, which incorporates data
from Eurostat. This database classifies goods into categories
and assigns average transport distances, divided among inland
waterways, rail, and lorry. For this study, the RER-08 category was
used for chemicals such as graphite, silicon composite, carbon
black, CMC, and SBR, while the RER-10 category was applied
to metals, including copper and aluminium current collectors as
well as stainless steel components.

One of the limitations related to this sensitivity analysis was
to consider only the transportation stage, modifying the input
parameters in the software, while the material’s production
processes were kept the same. This choice was related to the
great complexity that lies behind this process where the change
in a single parameter can influence all the results. Even with
this limitation, the results highlight the importance of supply
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TABLE 5 | Life cycle environmental impacts calculated for the actual production of 1 kg of different types of anodes and relative percentage
reduction, considering the graphite anode as the baseline.

Results per 1 kg of production

Impact category Unit G-A SC-A SD-A
Acidification: terrestrial (TA) kg SO,-Eq 0.364269 0.337052 0.05516
Climate change (GW) kg CO,-Eq 157.114 143.517 11.472
Ecotoxicity: freshwater (FE) kg 1,4-DCB-Eq 145.646 138.696 141.823
Ecotoxicity: marine (ME) kg 1,4-DCB-Eq 174.084 165.754 169.142
Ecotoxicity: terrestrial (TE) kg 1,4-DCB-Eq 167.461 151.914 70.7398
Energy resources: non-renewable, fossil kg oil-Eq 50.7658 46.2434 3.373183
(FRS)

Eutrophication: freshwater (FET) kg P-Eq 0.038747 0.035764 0.005315
Eutrophication: marine (MET) kg N-Eq 0.003539 0.003251 0.00031
Human toxicity: carcinogenic (CHT) kg 1,4-DCB-Eq 14.4573 13.2835 1.564266
Human toxicity: non-carcinogenic kg 1,4-DCB-Eq 118.786 108.662 46.4998
(NCHT)

Ionizing radiation (IR) kBq Co-60-Eq 20.9946 19.0947 1.163817
Land use (LU) m?**a crop-Eq 3.328147 3.017472 0.555877
Material resources: metals/minerals kg Cu-Eq 1.918673 1.623064 0.24521
(MRU)

Ozone depletion (SOD) kg CFC-11-Eq 7.08E-05 6.39E-05 5.14E-06
Particulate matter formation (PMF) kg PM,s-Eq 0.140885 0.13186 0.019484
Photochemical oxidant formation: kg NO,-Eq 0.245958 0.226336 0.024792
human health (POFHH)

Photochemical oxidant formation: kg NO,-Eq 0.262762 0.241633 0.026224
terrestrial ecosystems (POFTE)

Water use (WC) m’? 2.131465 1.913731 0.278077

chain localization. A fully European scenario would reduce the
environmental burden of transportation due to shorter distances
and would also indirectly benefit from the European electricity
mix, which includes a significantly higher share of renewable
energy compared to China. This aspect becomes particularly
relevant for energy-intensive materials such as silicon, where
the environmental performance improves considerably when
production relies on cleaner energy sources.

Although the variations in impacts may appear modest given
the small material quantities involved in this study, the anal-
ysis confirms that supply chain choices can still influence
results even at the laboratory scale. A hypothetical scale-up
to an industrial level, where material flows are substantially
larger, the effect of adopting a European supply chain could be
more significant. Overall, the findings suggest that improving
domestic supply chains could substantially improve the envi-
ronmental sustainability of lithium-ion battery production in
Europe.

Figure 7 shows a graphical representation of materials, processes,
and transportation (each with its own unit of measure), nor-
malized to the production of a single laminate for the different
chemistries. The ultimate goal is to enable a more direct com-
parison between materials, processes, and transportation, and

their relative correlations, with the current global supply chain
illustrated on the left and the theoretical European supply chain
on the right. The materials involved in the mixing step graphite,
silicon composite or silicon, conductive additive, binders and
water are inserted considering their amount (grams) as the width
factor of the cake graph. These quantities remain constant when
comparing the global and European supply chains; therefore,
any variation in the width of these segments is only due to
adjustments in other parameters. The time required, expressed
in hours for each production step is also represented as a width
factor, providing a clearer visualization of the significant reduc-
tion in processing time for the silicon-dominant anode compared
to the other two types. This visualization highlights that the
reduction in processing time is directly linked to lower electricity
consumption. As a result, when considering the European supply
chain, transportation becomes a comparatively more influential
factor in the overall environmental impact of the production
process.

Table 6 reports a comparison between the values calculated for
the actual production and those obtained for the theoretical
European production using 1 Ah as the functional unit. The
values for the 1 kg FU are reported in Table S6, with results that
are in line with the other FU. The percentage reductions for each
chemistry are shown in italics, allowing for a clear comparison
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FIGURE 7 | Comparison of the production of a single laminate considering the Actual Global supply chain in the left: (A) Graphite; (C) Silicon
Composite; (E) Silicon-dominant. The theoretical European supply chain is represented on the right of the image (B) Graphite; (D) Silicon Composite;

(F) Silicon-dominant.

between the different anode types. Although the absolute values
are relatively small, the differences between the chemistries
remain evident, and these trends are graphically represented in
Figure 8.

As shown in Figure 8, several categories clearly reduced the
impacts with the adoption of a European supply chain. For
instance, in the case of GW, the European supply chain reduces
CO, emissions across all chemistries. This positive effect is mainly
due to the reduction in the use of coal as an energy source in
Europe, replaced by a higher share of renewable energy. A similar

trend is observed for FRS, where the reduction is linked to more
sustainable electricity production that minimizes the use of fossil
fuel resources.

However, not all categories benefit from the change of local-
ization. For FE and ME, impacts are generally higher in the
European scenario. This is mainly due to less efficient mining
and production activities within the region, which require more
energy-intensive technologies and chemicals, causing an increase
in emissions in these categories. The same reason can apply to
MET, which is also influenced by mining activities; in this case,
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TABLE 6

chain production of 1Ah of different chemistries, in italic are reported the percentage variation.

Comparison between life cycle environmental impacts calculated for the Global Actual Production and Theoretical European supply

Impact Global Actual Production Theoretical European Production

category G-A SC-A SD-A G-A SC-A SD-A

TA 0.003093 0.001862 0.000196 0.003090 —-0.097 0.001848 —0.752 0.000195 —0.510
GW 1.334065 0.792770 0.040852 1.333506 —0.042 0.788361 —-0.556 0.040387 —1.138
FE 1.236692 0.766139 0.505038 1.236895 0.016 0.766252 0.015 0.505116 0.015
ME 1.478156 0.915604 0.602320 1.478408 0.017 0.915734 0.014 0.602414 0.016
TE 1.421925 0.839153 0.251907 1.427293 0.378 0.839641 0.058 0.248498 -1.353
FRS 0.431055 0.255443 0.012012 0.431001 -0.013 0.254559 —-0.346 0.011911 —0.841
FET 0.000329 0.000198 1.89E-05 0.000329 0.000 0.000198 0.000 1.89E-05 —-0.100
MET 3.00E-05 1.80E-05 1.10E-06 3.01E-05 0.126 1.81E-05 0.635 1.11E-06 1.070
CHT 0.122757 0.073376 0.005570 0.122719 —0.031 0.072766 —0.831 0.005516 —0.969
NCHT 1.008620 0.600234 0.165588 1.009423 0.080 0.597445 —0.465 0.165731 0.086
IR 0.178266 0.105477 0.004144 0.178527 0.146 0.108485 2.852 0.004239 2.292
LU 0.028259 0.016668 0.001979 0.028271 0.042 0.016707 0.234 0.001973 —0.303
MRU 0.016292 0.008966 0.000873 0.016306 0.086 0.008977 0.123 0.000870 —0.344
SOD 6.01E-07 3.53E-07 1.83E-08 6.01E-07 —0.007 3.52E-07 —0.176 1.82E-08 -0.754
PMF 0.001196 0.000728 6.94E-05 0.001194 —0.167 0.000712 —2.198 6.83E-05 -1.541
POFHH 0.002088 0.001250 8.83E-05 0.002087 —0.048 0.001234 —1.280 8.78E-05 —0.570
POFTE 0.002231 0.001335 9.34E-05 0.002230 —0.045 0.001318 -1.273 9.28E-05 —0.589
WC 0.018098 0.010571 0.000990 0.018100 0.011 0.010603 0.303 0.000991 0.101

using recycled materials could significantly reduce the associated
emissions [9].

For IR, the higher impact in Europe is directly related to the
greatest share of nuclear power in the European energy mix,
which is the primary driver of this category [9]. Regarding the
ecotoxicity categories, it is notable that all anode chemistries
generally show relatively small impacts, with the exception
of TE, where the silicon-dominant anodes show a substantial
improvement compared to the other chemistries.

3.4 | Uncertainties Evaluation Through Monte
Carlo Simulations

A sensitivity analysis was conducted on GW impact category
to better understand the impact of the uncertainties during the
calculations. For each case analyzed, three independent MCS
runs with 10,000 iterations were performed, only one of them
is presented here. The uncertainties in the systems were derived
from secondary data, as these inputs could not be directly
controlled during the production process.

For electricity contribution, the power demand of each piece of
equipment and the corresponding operating times were precisely
known, enabling accurate calculation of energy use at each
process step. However, no specific information was available
regarding the type of electricity supply, hence, the Pedigree
matrix was built using the lowest uncertainty values in each
category. For transportation, the available information was more

limited than for electricity consumption. In this case, the Pedigree
matrix was constructed using data from comparable processes
in the Ecoinvent database. Consequently, uncertainties related to
transport were higher than those for electricity.

According to the work of Gao et al., the coefficient of variability
was calculated from the MCS results. In this study, the coefficients
were consistently less than half of those reported in the cited
work, with the lowest value observed for SD-A [37]. This result
is attributed to the lower level of uncertainty throughout the
SD-A production process, which was carefully monitored and
controlled.

Table 7 reports the results for the production of 1Ah, comparing
all the three anode types under the actual global production
process and the theoretical European supply chain scenario. In
all cases, the mean and median values deviated only negligibly
(at the third or even fourth decimal place) from the base case
previously calculated without accounting for uncertainties. For
the actual 1Ah production, the coefficient of variability was 2.46
for G-A, 2.47 for SC-A and 2.04 for SD-A. The particularly low
value for SD-A reflects its lower electricity consumption during
production and the reduced uncertainty in transportation data,
since the silicon was sourced from E-Magy Company, located in
the Netherlands, allowing for more precise transport modelling.
For each condition, three independent MCS calculations were
performed confirming the reproducibility of the method.

The graphical representation of the data distribution related to
the actual production process of 1Ah is shown in Figure 9.
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FIGURE 8 | Comparison between the Actual Global supply chain and the European Theoretical supply chain. (A) Graphical representation;
(B) Percentage comparison: the bars below 0 are associated to a reduction of the impacts, while the bars above 0 are associated to an increase of the

impacts.

TABLE 7 | Comparison of the statistical evaluation of GW impact distribution between the actual production and the European theoretical supply

chain for the production of 1Ah of the different types of anodes.

Actual Global
Production - 1Ah European Supply Chain - 1Ah
Unit G-A SC-A SD-A G-A SC-A SD-A
Trials — 10 000 10 000 10 000 10 000 10 000 10 000
Base Case kg CO,-Eq 1.3341 0.7928 0.0409 1.3335 0.7884 0.0404
Mean kg CO,-Eq 1.3338 0.793 0.0409 1.3346 0.7883 0.0404
Median kg CO,-Eq 1.3306 0.7911 0.0408 1.3313 0.7863 0.0403
Standard Deviation kg CO,-Eq 0.0328 0.0196 0.0008 0.0334 0.0198 0.0008
5% percentile kg CO,-Eq 1.2856 0.7644 0.0396 1.2857 0.7596 0.0391
95% percentile kg CO,-Eq 1.3914 0.8279 0.0423 1.3941 0.8231 0.0419
Coefficient of variability % 2.4621 2.4755 2.0407 2.5028 2.5149 2.083
Minimum kg CO,-Eq 1.2422 0.7394 0.0382 1.2267 0.7306 0.0376
Maximum kg CO,-Eq 1.5116 0.9064 0.0472 1.4994 0.9015 0.0444
Advanced Sustainable Systems, 2026 15 of 20
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FIGURE 9 | Gaussian distribution of 10,000 MCS for the actual production of 1Ah, the impact category presented is the GW. For all the graphs, in
the top diagram, the box plot with mean and median lines and relative outliers are reported, in the bottom diagram the Gaussian-shaped histogram is
presented. (A) G-A; (B) SC-A; (C) SD-A; (D) Comparison of the three different types of anodes produced.

For all the anode types, the median (green line) and mean
(red line) values closely match the best-case value, with only
minimal deviations arising from the non-symmetric nature of
the uncertainty distributions. The G-A (Figure 9A) and SC-A
(Figure 9B) exhibited relatively broad, Gaussian-like distribu-
tions, whereas SD-A (Figure 9C) showed a narrower but less
symmetric Gaussian-like distribution. A direct comparison of the
three distributions is provided in Figure 9D, highlighting the
narrower spread of SD-A relative to the G-A and SC-A.

A similar behavior was observed for the actual production of 1 kg
of anodes (Figure S4), as for the 1 Ah distributions, also for the 1 kg
functional unit is characterized by the SD-A with the narrowest
distribution. Compared to the 1 Ah FU, in this second case, the G-
A and SC-A distributions are closer, meaning that their impacts
are more similar to this FU. The results obtained for the MCS
for 1 kg are reported in Table S7 with the same procedure as
the previous calculation. The coefficients of variability are in line
within the two FU.

The same MCS calculations were performed for the theoretical
European supply chain scenario, the results for the 1 Ah FU are
reported in Figure S5, while the results for the 1 kg FU are in
Figure S6.

To ensure a proper comparison among the three types of anodes,
the comparison between the actual global production and the
theoretical European supply chain scenarios, is reported in
Figure 10, for the G-A, SC-A and SD-A, respectively. Overall,
the distribution shapes are similar across the three chemistries,
each maintaining its characteristic non-symmetric profile. In

Figure 10A, which compares the MCS results for G-A, the differ-
ent supply chains show minimal influence on CO, emissions for
this type of production. By contrast, Figure 10B,C displays a more
pronounced reduction in emissions for SC-A and SD-A, where
the distribution peaks for the European supply chain are shifted
toward lower values, confirming the environmental advantages
of localized sourcing for these chemistries.

The outcomes of the MCS further support the findings obtained
from the deterministic analysis of the environmental impacts.
The narrow distributions observed, particularly for the SD-A,
highlight the robustness and reliability of the results despite
the inherent uncertainties associated with secondary data. The
lower variability for SD-A compared to G-A and SC-A confirms
that careful control of the production process and more precise
knowledge of material sourcing, such as the local European
production of silicon, help minimize uncertainties. Furthermore,
the shift of the emission distributions toward lower values in
the European supply chain scenario reinforces the conclusion
that localized production, supported by a cleaner electricity mix
and shorter transportation distances, can substantially reduce
the environmental impacts of SD-A. These findings highlight the
importance of coupling process optimization with regionalized
supply chains to further reduce the carbon footprint of advanced
lithium-ion battery anodes.

3.5 | Endpoint Impact Categories

To provide a more comprehensive evaluation of the environmen-
tal impacts, the same data previously analyzed at the midpoint
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TABLE 8 | Values of Endpoint categories for the production of 1 Ah and 1 kg of anodes considering actual global production.

Global Actual Production

Results per 1 Ah of production

Results per 1 kg of production

Endpoint Category G-A SC-A SD-A G-A SC-A SD-A
Ecosystem quality 6.422E-09 3.846E-09 6.271E-10 7.563E-07 6.962E-07 1.761E-07
[species.yr]

Human health 2.671E-06 1.599E-06 1.401E-07 3.146E-04 2.895E-04 3.933E-05
[DALYs]

Natural resources 0.141 0.083 0.004 16.628 15.090 1.100
[USD 2013]

level were also assessed using the ReCiPe 2016 Endpoint (H)
method. This approach aggregates the 18 midpoint impact cate-
gories into three broader damage categories: Ecosystem Quality,
Human Health, and Natural Resources, thus enabling a higher-
level interpretation of the results.

In Table 8 the endpoint impact values for the actual global
production of 1 Ah and 1 kg are reported, considering that most of
the materials used for the anode’s preparation are sourced outside
Europe. The results of this study are consistent with the findings
reported by Li et al. [42], showing that the Natural Resources
category has the highest contribution. This is mainly driven by
the extraction of multiple materials, such as copper for the current
collectors and coal for electricity generation, which dominate the
impacts throughout this damage pathway.

In Table 9 are reported the endpoint impact values for the
Theoretical European Production, considering the 1Ah and 1 kg
as functional units. As expected, the reductions compared to the
global supply chain are relatively small across most categories.
However, an interesting trend emerges for Natural Resources: for
both the 1 Ah and 1 kg functional units, G-A and SC-A exhibit
a slight increase in impacts, whereas only SD-A shows a modest
decrease. This behavior can be attributed to the relative scarcity
of certain raw materials in Europe, highlighting the need for
improved recycling strategies to strengthen the resource supply
chain. For the other categories, no significant improvements
are observed for G-A under the European scenario, while SC-A
and SD-A show small but measurable reductions, reflecting the
combined effect of shorter transportation routes and a cleaner
energy mix.
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TABLE 9 | Values of Endpoint categories for the production of 1 Ah and 1 kg of anodes considering the theoretical European supply chain.

Theoretical European Supply Chain

Results per 1 Ah of production

Results per 1 kg of production

Endpoint
Category G-A SC-A SD-A G-A SC-A SD-A
Ecosystem quality 6.420E-09 3.830E-09 6.254E-10 7.561E-07 6.933E-07 1.756E-07
[species.yr]
Human health 2.669E-06 1.582E-06 1.388E-07 3.143E-04 2.865E-04 3.898E-05
[DALYs]
Natural resources 0.141 0.083 0.004 16.632 15.092 1.094
[USD 2013]
®G-A®mSC-A®mSD-A 4 | Final Remarks and Conclusion

0 - The LCA performed in this study quantified the environmen-
g . tal impacts for the production of three different chemistry
B 02 anodes (graphite, silicon composite and silicon-dominant) for
'5 o I the application in LIBs field. Graphite was considered as the
z ' baseline, being the most commercialized type of anode; silicon
é" 06 composite represented the emerging commercial option while
g the silicon-dominant configuration was regarded as the future
2 -08 innovative technology. Further LCAs should be conducted on
& full-cell configuration, coupling these different anodes with a

1 cathode to better simulate commercial batteries and adopting

S & & other functional units such as the widely used 1 kWh.
S &\éi\')k& %0\\5;6@
c}“@&o Qé‘\@ @\%CJQ Consistent with previous studies, the use of innovative mate-
(V@o‘ﬁ < %py’ rials with high silicon content showed positive effect not only

FIGURE 11 | Percentage variation of the European supply chain
compared to the actual global production for the Endpoint categories.

The percentage variation between the actual global production
(Table 8) and the theoretical European supply chain (Table 9)
are summarized in Figure 11. In line with the previous obser-
vations, the localized supply chain effectively reduces some
impacts, especially those related to the ecosystem quality and
human health sector, for all the anode types, but in different
amounts. However, the scarcity of natural resources in Europe
represents a drawback of this supply chain, leading to increased
impacts in this category for G-A and SC-A, whereas SD-A
remains more resilient and emerges as the more sustainable
option.

Overall, the endpoint analysis confirms the trends already
identified in the midpoint results. SD-A consistently demon-
strates improved performance, with significant reductions in
resource depletion and health-related damage categories when
assessed on a performance basis. The relatively small differences
observed in the European supply chain scenario suggest that the
environmental benefits of localization are more pronounced in
categories strongly influenced by transportation and electricity
generation. These findings emphasize the importance of coupling
material efficiency with regional supply strategies and recycling
improvements to further enhance the sustainability of advanced
anode chemistries.

on energy density but also on production sustainability, due
to improved performance and processability. In particular, the
SD-A achieved up to a 97% reduction in CO, emissions com-
pared with graphite electrodes. A similar trend is expected
under large-scale production, where enhanced process efficiency
could further reduce waste generation and resource consump-
tion. However, silicon production in all its forms remains
energy and chemical intensive. Accordingly, developing less
energy demanding processes and relying on renewable electricity
sources are crucial to improving the sustainability of the supply
chain.

In a global context dominated by Chinese manufacturing, the
European supply chain modeled in this study offers clear sustain-
ability advantages, primarily due to the higher share of renewable
electricity and shorter transportation routes. Nevertheless, the
lack of specific materials in the Ecoinvent database, such as sil-
icon composite (approximately 10% Si), and the outdated nature
of some datasets, for instance, CMC data from the 1990s, limit
the accuracy of the current representation. Greater industrial
transparency and data sharing would substantially improve life
cycle inventories, enabling faster progress toward sustainable
battery manufacturing.

The MCS conducted confirmed that uncertainty is inherent even
when the model relies entirely on primary data. However, higher
quality datasets lead to reduced variability; in particular, knowing
the exact production location of silicon for the SD-A decreased the
coefficient of variability compared with G-A and SC-A.
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The results also demonstrate that restricting the LCA to the
carbon footprint, considering only the GW category, is insuffi-
cient to assess process sustainability. Multiple impact categories,
including TA, FRS, MRU, and WC, must be analyzed to obtain a
comprehensive evaluation and to determine whether the overall
outcome is beneficial.

Finally, endpoint results indicated that the natural resources
damage category is the most affected in anode production for
LIB applications. Hence, circular economy strategies, such as
second use, recycling, and material recovery, should be further
developed to mitigate these impacts and strengthen the long-term
sustainability of the sector.
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