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Sodium-ion batteries (SIBs) are emerging as an alternative to
lithium-ion batteries (LIBs), using abundant, low-cost materials. This
study models commercially relevant SIB cell chemistries at industrial
scale. While current SIBs have 17-49% lower energy density than
LiFePO,/graphite LIBs, this gap could be closed through material
improvements of hard carbon. In terms of carbon footprint, SIBs are
already comparable to LIBs and could further reduce emissions as
energy density increases. The analysis, based on large-format cells
and gigafactory-scale production data, addresses a key research
gap beyond lab-scale data.
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Sodium-ion batteries (SIBs) are on the verge of mass adoption, with several players striving for gigafactory-scale
production. Uncertainty remains regarding their competitiveness with lithium-ion batteries (LIBs). This study
addresses this concern by quantifying the energy density and carbon footprint (CF) of commercially pursued SIB
cell chemistries through comprehensive modeling. Multiple material and production scenarios are analyzed, with
LiFePQO,4 (LFP)-based LIB cells serving as an industry benchmark. Based on a screening of commercially relevant
SIB active materials, the volumetric and gravimetric energy content is modeled for large-format pouch and
prismatic cells, as well as varying cathode coating thickness. Additionally, a GWh year—* cell production is
simulated using primary machine data and current production equipment. The outputs from cell and production
modeling feed into a life cycle assessment to determine the CF by calculating the cradle-to-gate global
warming potential, relative to the cell energy [kg CO»-eq. kWh™]. Additionally, new life cycle inventory data are
presented for the industrial-scale synthesis of hard carbon (HC) and SIB-cathode active materials (CAMs).
Current SIB cells show notably lower energy content compared to the LFP benchmark, particularly in terms of
volumetric energy density (4 = 17-49%). However, this gap could be narrowed and even closed for specific SIB
cell chemistries through optimization of HC, representing a near-future scenario. While HC is the bottleneck
towards higher energy density, the opposite is true for the CF. Among the seven evaluated SIB cell chemistries,
four demonstrate CFs that are highly competitive with the LFP benchmark (4 = 1-8%), despite exhibiting lower
energy densities. This is primarily due to the substantially lower CF of HC (3.2 kg CO,-eq. kg~ compared to

Received 21st January 2025, synthetic graphite (25.1 kg CO,-eq. kg™). In contrast, LFP-CAM (7.6 kg CO»-eq. kg™ causes fewer emissions
Accepted 7th July 2025 than six of the seven analyzed SIB-CAMs (5.8 kg CO»-eq. kg™t to 22.0 kg CO,-eq. kg™3). The key factors for
DOI: 10.1039/d5ee00415b further CF reduction in SIBs are the application of low-impact CAMs and increasing energy density. In contrast,

transitioning to aqueous cathode processing was found to only have a small impact on the cell-level CF, consid-
rsc.li/ees ering state-of-the-art N-methyl-2-pyrrolidone recovery techniques.

Broader context

Batteries are essential to the transition towards a climate-neutral energy system. While lithium-ion batteries (LIBs) dominate the market due to their high
energy density and long cycle life, their reliance on geographically constrained and costly raw materials like lithium and cobalt has raised concerns about long-
term sustainability, resource availability, and environmental impact. Sodium-ion batteries (SIBs) are gaining attention as a sustainable alternative to LIBs. SIBs
benefit from abundant, low-cost, and globally distributed raw materials, making them a promising energy storage solution. Consequently, several cell
manufacturers are actively pursuing gigafactory-scale production of SIBs and the technology is on the verge of mass adoption. Recent studies have analyzed the
energy density and environmental impact of SIBs, however, the depth of the literature remains limited compared to studies covering LIBs and does not address
cells at a commercial scale. While existing studies generally rely on lab-scale data, this work focuses on industrial active material synthesis, large-format cells
and gigawatt-hour scale production. Cell chemistries from leading SIB manufacturers are benchmarked against graphite/LiFePO, LIB cells and assessed for
specific energy, energy density, and cradle-to-gate carbon footprint.
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1. Introduction

Batteries are ascribed a key role in the shift away from fossil
fuels to a sustainable and renewable energy system. Assuming
the middle of the road shared socioeconomic pathway (SSP2),"
which presumes medium challenges to climate change mitiga-
tion and adaptation, in 2040, an annual battery demand of
5-8 TWh is forecasted, only for electric vehicles (EVs).>™ Lithium-
ion batteries (LIBs) are the dominant technology across multiple
applications, including EVs, portable electronics and stationary
energy storage systems (ESS). Global LIB production capacity is
approaching 1 TWh annually. The success of LIBs is based on
their high energy density, good cycle life and a considerable cost
decrease in the last decade to below 100 $ kWh™'..;.>” As of
march 2025, the prices of LiNi,Mn,Co,0, with x +y + z =1 (NMC)
and LiFePO, (LFP) prismatic cells are as low as 61 and
47 $ kWh ™", respectively.® However, the LIB technology still faces
several challenges regarding resource availability, material costs,
safety and sustainability.>*°

Sodium-ion batteries (SIBs) are a rising post-LIB technology,
especially due to their low-cost, abundant and geographically
distributed raw materials.""™"> Despite their relatively brief
history, SIBs demonstrate high market maturity, with several
players pursuing plans for gigafactory-scale production.'**®
This is largely rooted in the existence of numerous parallels
between SIBs and LIBs. Both share the same “rocking chair”
working principle, and in addition SIBs are considered a “drop-
in” technology enabling production with current LIB gigafac-
tory machinery.®

Nevertheless, there are specific distinctions between the
technologies, originating from the electrochemical properties of
Li and Na. The often-named differences in their ionic radii (Li:
0.76 A, Na: 1.02 A), molar mass (Li: 6.9 g mol~*, Na: 23.0 g mol %)
and standard electrode potential (Li: —3.02 V, Na: —2.71 V) are
cited as reasons for SIBs not being able to reach competitive
energy densities."” Further contributing to this argument is the
fact that Na is the only alkali metal, which shows no appreciable
intercalation into graphite, due to the thermodynamic instability
of binary graphite intercalation compounds.’®?* As a conse-
quence, hard carbon (HC), a low-cost anode active material
(AAM) with moderate capacity, has been widely researched and
is state of the art (SOTA) for SIBs.>*¢

However, the number of Na-based compounds and material
classes suitable for use as cathode active materials (CAMs) is
considerably greater than that for LIBs. This allows for a more
precise tuning of CAM properties, which could pave the way
towards competitive SIB cells given that cell voltage as well as
capacity, are largely dependent on the CAM.>”*® Furthermore,
the elevated standard electrode potential allows for the applica-
tion of Al as an anode current collector, thereby eliminating Cu
from the cell. This enables safe cell transport at 0 V as well as
reduced weight, cost and environmental footprint.>*>°

To evaluate the technology and market readiness level (TRL
and MRL) of SIBs, key performance indicators - especially
cycling performance, safety, cost, energy density, and sustain-
ability - must be assessed and benchmarked against SOTA LIBs.
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The cycle life and safety of SIBs are highly dependent on the
specific cell chemistry.*"*> In particular, polyanionic-type
materials, but also SIBs based on Prussian blue analogues
(PBAs), demonstrate excellent cycling stability and good safety
characteristics, as reflected in analyses of initial commercial
cells.**** In contrast, layered oxide-based SIBs generally exhibit
a shorter cycle life compared to LIBs,*” and represent the SIB-
CAM group most prone to thermal runaway.*® Additional real-
world data on safety and cycling performance are required for a
robust evaluation of TRL and MRL.

A recent study by Yao et al.>’ modeled SIB cost trajectories
against LFP/graphite across >6000 scenarios, simulating vary-
ing supply chain conditions, raw material prices and learning
rates. The study indicates that SIBs could reach cost parity with
LFP cells in the 2030s, especially in scenarios with increased Li
and/or graphite prices. However, the authors emphasize that
increasing the material and cell energy density of SIBs is the
biggest factor towards cost competitiveness, on a $ kWh ™" basis.

Despite its central role in both cost and technological
competitiveness, comprehensive assessments of the energy
density of SIBs remain scarce and limited to the lab-scale.>® A
similar gap is observed for studies on sustainability and carbon
footprint (CF) (see Section 2.2). Currently, the sustainability of
battery cells is primarily associated with derisking supply
chains and reducing the use of toxic and scarce elements (e.g.
C0).>>*® However, in the near-future, especially the CF of
batteries is expected to increasingly influence cell costs and
market access due to rising carbon prices*" and the implemen-
tation of stricter regulations.****

Consequently, this work aims to close these research gaps by
benchmarking commercially promising SIB chemistries, in
terms of specific energy, energy density and CF in large-
format cells and a GWh year™ ' production environment. The
aim is to provide a quantitative assessment in the often just
qualitative discussion. The analysis focuses on commercially
relevant materials since they are the best indicator for the
development stage of SIBs. An LFP/graphite-based LIB is used
as a point of comparison, given that it can be regarded as the
primary competing technology for SIBs in terms of energy
density and cost. First, an overview of the electrochemical
properties of commercially pursued SIB active materials is
given. The obtained cell chemistries are then modeled in
comprehensive cell energy density calculations, additionally
analyzing the impact of cell format (pouch and prismatic)
and electrode coating thickness. Subsequently, the modeled
cell designs are transferred into a gigafactory-scale production
model utilizing primary machine data and gigafactory layout
planning, quantifying energy consumption and material use on
a GWh year ' production basis. The output of the cell and
production model serve as input for the cradle-to-gate life cycle
assessment (LCA). The active material synthesis is modeled
based on large-scale industry data, including processing mate-
rials, which, to our knowledge, is unprecedented for Na layered
oxide and polyanionic SIB-CAMs. Moreover, new life cycle
inventory (LCI) data are provided for large-scale synthetic
graphite and HC synthesis. A novel modeling approach, for
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the first time, quantified emerging volatiles as an energy source
for AAM synthesis, enabling a systematic comparison between
synthetic graphite and HC, as well as across different HC
precursors. The final output is the cradle-to-gate CF of LFP/
graphite and selected, commercially relevant SIB cell chemis-
tries. In a detailed breakdown, the impacts of the various cell
materials and stages of cell production are differentiated to
identify emission hotspots. In scenario analyses, the impact of
applying electrochemically advanced HC is examined, as well as
the switch from NMP to water-based cathode processing.

2. Review of SOTA SIBs

2.1 Commercially pursued SIB active materials

The LIB market is consolidated on a limited number of cell
chemistries. As CAMs in EVs, Ni-rich layered transition metal
oxides (NMC and LiNi,Co,Al,O, (NCA)) for high energy cells
and low-cost LFP are dominating.** Graphite remains the
predominant AAM, and in recent years has been increasingly
coupled with small amounts of Si (< 10 wt%) to form Si/C
composites.*>*° The combination of high energy density and
high cost makes Ni-rich CAMs paired with Si/C anodes a rather
complementary technology to SIBs.*® In contrast, LFP/graphite
cells exhibit performance metrics comparable to SIBs, thus
were selected as a reference in this study.

Contrastingly, for SIBs, there is still a big uncertainty about
which cell chemistries can overtake considerable market
shares. Especially the question of which CAM can best balance
performance, safety, resource availability and cost is not
decided yet. In academic literature, countless numbers of active
materials are researched. However, few have yet made it into a
commercial product on a considerable scale."”” Most SIB-CAMs
can be classified within the three overarching classes of layered
oxides, polyanionic-type materials and PBAs.

As an AAM, HC®'™* is the dominating material, but also

3556 and even

other carbon-based anodes like soft carbon
graphite’®> are investigated. Additionally, alloying materials
(Ge, Bi, Sn, Si and P) and conversion-type anodes (e.g. MoS,,
SnS,) are subject to investigation due to their high theoretical
capacities (Sn: 847 mAh g, P: 2596 mAh g~ ').’">° However,
they are still far from commercial application, mostly rooting
from high volume changes or low electronic conductivity
resulting in poor cycling stability, low initial coulombic effi-
ciency (35-90%) or low-rate capabilities. Considering the objec-
tive of this study to analyze scalable and commercially viable
SIB cell chemistries towards a GWh year * production volume,
materials with a low TRL and MRL have been excluded from the
analysis.

2.1.1 SIB cathode active materials. Table 1 gives an over-
view of the CAMs that are applied or researched by key SIB cell
manufacturers and CAM producers. The observed companies
were chosen based on recent market reviews,'*'>°%! and the
electrochemical data were collected from publications, patents
and company announcements. The listed CAMs are selected
exemplary based on their performance data.
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Layered oxides currently represent the most utilized class of
CAMs for LIBs and are also pursued by numerous SIB cell
manufacturers. The British company Faradion applies Ni and
Mn-based materials, which are doped with Mg and Ti (NMMT).
Their Gen1l material, O3-NMMT, reached 157 mAh g ' of
cathodic capacity in a full cell with HC.>® However, the cycling
stability was not competitive with LIB-CAMs. Switching from an
O3-structure to biphasic P2/O3-NMMT in Gen2 led to a dis-
tinctly increased cycle life while reaching similar capacities.
The Chinese manufacturer HiNa utilizes O3-type layered oxides
mainly formed out of Cu, Fe and Mn. The exact stoichiometry
and the addition of further dopant elements differ between
publications and patents.®>®* The French company Tiamat
recently announced the development of a Gen2 cell targeting
the EV and ESS market, which employs a layered oxide CAM.®*
Among others, 03-NaNi 45Zn¢ 0sMng 4Tip 0, (O3-ZNMT) was
presented as a potential CAM by the company. The CAM was
synthesized in the research group of Jean-Marie Tarascon,
shareholder and part of the development committee of Tiamat,
delivering 171 mAh g~ in a half-cell at a cut-off of 4.5 V.**¢’
Recently, the first cell characterizations of commercial SIBs
were published. The cells generally stem from China and entail
03-NaNi,Fe,Mn,0, (03-NFM) as the CAM.®*”"> 03-NFM occurs
in various stoichiometries, comparable to Li-NMC. Further-
more, various doping elements (Zn, Ti, Cu, ...) can be added.
Additionally, the commercial relevance of O3-NFM is under-
lined by the fact that the world’s largest NMC producer, Ningbo
Ronbay,”® holds several patents covering O3-NFM synthesis
(and closely related chemistries).”*””® Other industrial CAM
producers like BTR are already publicly advertising O3-NFM.*°
The announcement of CATL, the world’s largest LIB cell man-
ufacturer, in 2021 to industrialize SIBs by 2023 received broad
public attention worldwide. Initially, CATL only announced
plans to develop PBAs. However, their intellectual property
(1P) portfolio and the high specific energy (175 Wh kg™') of
their recently announced SIB “Naxtra®' also suggest the use
and development of layered oxides, especially O3-NFM-related
CAMs.®>"® The practical capacities reached in Ronbays and
CATL’s patents are generally in the range of 140-170 mAh g,
depending on the exact chemistry and cutoff voltage, which is
consistent with academic data (Table 1). Chinese manufac-
turers have already established ton-scale production of O3-
type layered oxides.®®

Tiamat’s first generation of high-power SIB cells was based
on the polyanionic CAM NazV,(PO,),F; (NVPF). Table 1 con-
tains cycling data of a recent evaluation of a Tiamat 2020
prototype 18 650-type cylindrical cell, as well as data from
selected publications for comparison. Noticeable is the higher
average discharge voltage (~3.85 V) and the superior cycling
stability compared to the layered oxides, making NVPF a
promising candidate for use in commercial cells. Recently,
the polyanionic compounds Na,Fe;(PO,),(P,0,) (NFPP) and
alluaudite Na,.,.Fe, (SO4); (x < 0.3) (NFS) have gained
momentum due to their low cost and high cycling stability.
Currently, their production is carried out almost exclusively in
China. The first commercially available NFPP materials®’ 5

This journal is © The Royal Society of Chemistry 2025
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delivered specific capacities of ~100-115 mAh g~ '. However,
both company patents®”°! and academic work®* indicate that
values near the theoretical capacity of 129 mAh g can be
reached and even exceeded through elemental doping.”*** NFS
offers the advantage of a high nominal voltage (~3.8 V), but its
theoretical capacity of 120 mAh g~ has not been reached. Com-
mercial NFS CAMs typically show capacities <100 mAh g~ ~.%%® A
practical capacity of ~110 mAh g™ represents the highest reported
value in company patents®” and academic studies.”®*® Mass produc-
tion lines for both NFPP and NFS have recently become operational.
NFPP manufacturing sites, in particular, are being scaled up to
production volumes comparable to those of LIB-CAMs, with sites
reaching >10000 mt of annual output.**'® Major producers
include Jiana Energy Technology,”'*! Ningbo Ronbay'®> and BYD’s
technology partner Zhejiang NaTRIUM Energy."”® Moreover, Chi-
nese cell manufactures like BYD'® and Zoolnasm'® (or Zhongna)
are pursuing GWh-scale production of NFPP/HC and NFS/HC cells,
respectively. Although NFPP and NFS cell prices are already compe-
titive to LFP-based LIBs, their lower energy density currently limits
their application to ESS and micro-mobility applications.*

In the CAM class of PBAs, two different materials are
currently pursued by cell manufacturers. The Swedish cell man-
ufacturer Northvolt announced that they developed a SIB cell
based on a Na, ,Fe[Fe(CN)s] (Fe-PBA) CAM with their research
partner Altris, reaching a specific energy above 160 Wh kg at
the pouch cell level.'”® While their filed patent only shows a
reversible half-cell capacity of 140 mAh g™, Altris claims to
reach 160 mAh g~ with their Fe-PBA material.'"”” CATL is
working on Na,Mn[Fe(CN)s] (Mn-PBA). Similar to Northvolt,
they claim to have reached 160 Wh kg™ " at the cell level. Since
both cell manufacturers did not publish comprehensive elec-
trochemical data, academic data are listed in Table 1 for
comparison.

Fig. 1 illustrates the cathodic specific energy [Wh kg™ '] and
energy density [Wh L™'] of the materials described. It is
noteworthy that SIB-CAMs from all three material classes reach
comparable (+10%) specific energies to LFP, shown for refer-
ence in green, while several layered oxides achieve even higher
energy densities. PBAs are competitive in terms of specific
energy, but since their crystallographic density (~2.2 g cm™?)
is halved compared to the layered oxides (4.1-4.5 g cm ), they
only reach about half their energy density. The most promising
CAMs regarding energy density are the Ni-based layered oxides
03-ZNMT and O3-NFM111/424, which exceed the volumetric
energy density of LFP by 24-37%.

2.1.2 SIB anode active materials. For SIB cell manufac-
turers, the CAM is mostly a very important part of their IP
and often patent protected. Hence, a wide variety of CAMs are
observable on the SIB market. Regarding the AAM, the situation
is different. HC is, by far, the most widely used material and is
applied by nearly all cell manufacturers. The fact that all
published teardowns of commercial SIB cells identify HC as
the AAM reinforces the absence of competitive alternatives to
HC in the market.®®””> The only notable exception is the high-
power cell from Natron Energy, which utilizes two different PBA
materials as the AAM and CAM.** Given its significantly lower
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Fig. 1 Specific energy and energy density of the material-level of SIB-
CAMs pursued by SIB cell manufacturers in comparison to LFP. The
underlying data are listed in Table S2 (ESIY).

energy density and distinct application scope, this cell chem-
istry was excluded from the scope of this study.

While CATL, Faradion and HiNa also investigate and
develop in-house HC materials, there is a rising number of
material manufacturers producing HC active materials. With
increasing market shares of SIBs, a similar development to the
LIB-AAM graphite can be anticipated, which is now a commod-
ity purchased by cell manufacturers from graphite producers.
This is reinforced by the fact that several of the largest graphite
producers,”® among others BTR, Shanshan and Shanghai Putai-
lai, already started ramping up HC production.

Table 2 lists electrochemical data for HC produced by
relevant cell and material manufacturers operating at pilot- or
mass-production scale. The companies were selected based on
the HC market analysis of Liu et al.*°® and further research. The
material data provided in Table 2 were taken from publications,
patents and company websites, providing an insight into the
industry’s status quo. The claimed capacities show large varia-
tions, but most are in the range of 300-350 mAh g~ . The initial
coulombic efficiency, which remains a challenge in HC
development,'®®'*° lies predominantly in the range of 88 + 4%.

HC can be produced from a wide variety of carbonaceous
precursors, which is also visible in industrial production. The

This journal is © The Royal Society of Chemistry 2025
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most common precursors are (phenolic) resin, biomass materials
(especially coconut shells and lignin) and pitches (from petro-
leum or coal-tar), which align well with the analysis of Liu et al.'*®
It can be concluded that several precursors are possible for scaled
and cost-competitive HC production, and none are yet prevailing.
The data in Table 2 do not permit statistical inference regarding
the impact of precursor choice on the electrochemical performance
of the respective HC. Nevertheless, the importance of precursor
selection is reinforced not only in various studies,****™'* but also
by the fact that many companies do not disclose the underlying
precursors for their HC material. Moreover, other factors such as
the pre-treatment method"*>™"” or the pyrolysis conditions"**"*°
have a substantial impact on the final electrochemical perfor-
mance of HC. Differences in precursor choice and synthesis
conditions lead to significant variations in the electrochemical
performance of commercial HCs, highlighting considerable
potential for optimization.

2.2 LCA studies on SIBs

To evaluate the environmental competitiveness of battery cells,
LCA has emerged as a scientific ISO-normed method to quantify
environmental impacts.">" In contrast to numerous LCA studies
on LIBs, so far only a limited number of studies examine the
environmental impact of SIBs, due to their early stage of
development. In a first approximation, for SIB production, a
higher material and energy demand per kWh of cell energy can
be assumed, mainly due to the lower energy density of SIBs
compared to LIBs. Therefore, existing studies were screened not
only for the CF of SIB cells but also for the associated cell energy
density. Furthermore, the occurrence of industrial-scale mate-
rial synthesis and production data is reviewed.

Peters et al.'*®> were amongst the first to conduct an LCA
study about the environmental performance of a layered oxide
NMMT battery with HC derived from sugar. In their study, the
SIB with an energy density of 128 Wh kg™ led to a cradle-to-
gate impact of 140 kg CO,-eq. kWh™ .

Schneider et al.'®® conducted a cradle-to-gate LCA of a
NaNMC/HC battery, which reached 120-152 Wh kg™' and
80-150 kg CO,-eq. kWh™" depending on C-rate. The energy
consumption for battery cell production made up 20-37% of
the global warming potential (GWP).

In 2021, Peters et al.>® presented the most comprehensive
LCA on various SIB cell chemistries. The variants include HC
paired with NMMT (171.9 Wh kg™, 50.6 kg CO,-eq. kWh™ 1),
NaysMng 6sMgy 050, (NaMM) (157.1 Wh kg™ ?, 52.3 kg CO,-eq. kh ™ ?),
Nay 05(Nig 33MNg 35C00 33)0.0505 (136.3 Wh kg™, 86.7 kg COyeq. kWh ™),
Fe-PBA (124.1 Wh kg, 87.0 kg CO,-eq. kWh ™), and Na,MnV(PO,);
(152.5 Wh kg™, 89.7 kg CO,-eq. kWh ™), from which only NMMT
and Fe-PBA are of commercial relevance, based on the industry
review in Section 2.1.1.

All analyzed SIB cells exhibited lower specific energy and
higher cradle-to-gate GWP compared to LIBs, namely NMC622/
graphite (272 Wh kg, 44.8 kg CO,-eq. kWh ') and LFP/graphite
(197 Wh kg™ ', 49.6 kg COy-eq. kWh™"). However, different to
previous studies, specific SIB cell chemistries (NMMT and NaMM)
achieved comparable GWPs to LIBs due to a nearly competitive
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energy density and omitting or limiting cobalt and nickel content.
CAM production and the energy demand during cell production
were identified as greenhouse gas (GHG) emission hotspots, each
making up 30-50% of the GWP, depending on cell chemistry. Even
though the authors claimed to model prismatic cells, the weight of
the cell housing suggests that a pouch format was assumed. An
LCA of large prismatic SIB cells is still missing in the literature.
Besides the cradle-to-gate impacts, the authors, for the first time,
performed a cradle-to-grave assessment of SIB cells, also including
use-phase and end-of-life, i.e. recycling of the battery.

All described studies assumed active material synthesis
routes based on typical laboratory precursors and conditions,
due to a lack of industrial data. In a recent study Wickerts
et al'”’ were the first to provide LCI data for industrial
synthesis of Fe-PBA, obtained from a material manufacturer.

Further scientific studies specifically examined the CAM or
AAM synthesis of SIBs. Baumann et al.'”® screened 42 different
SIB CAMs, among others regarding CF, providing a broad
overview. However, the modeled synthesis is very simplified,
focusing on the CAM elemental composition and not on the
actual precursors that are applied in scaled production. More-
over, no processing chemicals were considered.

Regarding the AAM, Peters et al.'”® did a thorough LCA of
HC synthesis from waste tires, apple pomace and phenolic
resin, also considering gas and tar volatiles emerging during
pyrolysis. However, the gas and tar yield are lacking a profound
data basis and their molecular composition was not further
considered. Liu et al."®° investigated the HC synthesis from four
different precursors. Based on primary laboratory values, the
HC production from coconut shells and bamboo waste was
examined, using an LCA approach. Secondary data for HC
derived from apple pomace and waste tires were taken for
comparison. The results revealed large differences in emis-
sions, with HC synthesized from bamboo waste exhibiting the
highest GWP (8.80 kg CO,-eq. kg™ 'j;c), while HC derived from
coconut shells performed the best (0.39 kg CO,-eq. kg™ ')

In the absence of industrial primary data, Liu et al'®'
employed a simplified scale-up approach and a predictive
LCA to estimate the CF of industrial-scale HC synthesis. By
scaling up a laboratory process, they calculated a CF of 3.6 kg
CO,-eq. kg™ 'yy¢ for industrial HC production from bamboo. In
a best-case scenario, the CF could be reduced to 0.4 kg CO,-
eq. kg 'yc. This scenario included, among other factors, the
combustion of emerging volatiles, although the associated
energy recovery was estimated rather than explicitly calculated.

The review of LCA studies analyzing SIBs reveals that, while
many cell components and chemistries have already been
investigated, the data basis is still limited compared to LIBs,
leaving several research gaps. Regarding CAM synthesis, only
Wickerts et al. modeled Fe-PBA synthesis on an industrial-scale.
For Na layered oxides and polyanionic-type CAMs no compre-
hensive LCI data for scaled synthesis can be found in the
literature. On the anode side, HC synthesis from different
precursors has been investigated, however often looking at
industrially irrelevant precursors and/or not comprehensively
accounting for the energy produced by emerging volatile

This journal is © The Royal Society of Chemistry 2025
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combustion. The latter has significant impact on the energy
balance of the synthesis, which also applies for graphite synth-
esis for LIBs as further elaborated in Section S3.3.1 of the ESL
The cradle-to-gate GWP has been calculated for several cell
chemistries. However, several commercially relevant CAMSs
(Table 1) have not been investigated yet. Furthermore, the CF
of cell production varies largely between studies and lacks a
profound data basis.

This analysis aims to narrow and close several of these
research gaps, especially focusing on industrial-scale SIB pro-
duction. First, LCI data for large-scale synthesis of Na layered
oxides and polyanionic-type CAMs are provided. Second, an in-
depth, quantitative mass and energy assessment of the volatiles
arising in the synthesis of HC and the synthetic graphite
precursor needle coke is performed, resulting in a new LCI
dataset for industrial graphite and HC production. By applying
this method, HC synthesis is investigated for four different,
industrially relevant precursors. Third, for the first time, large-
scale prismatic SIB cells, comprising commercially pursued
active materials are modeled on a GWh year ' production
scale, utilizing primary machine data.

3. Methods

The results of this in-depth analysis are based on linkage of
three distinct models, namely a battery cell model, a battery cell
production model and an LCA model. An illustration of the
models and the research approach is shown in Fig. 2. The basis
of all three models is the material input, which is based on the
reviewed SIB active materials. The battery cell model defines
material input, cell chemistry and cell format. Its output includes
the cell’s energy density and a bill of materials (BOM) accounting
for all materials within the cell. Subsequently, the production
model simulates the manufacturing of the defined cell at
gigafactory-scale, providing the energy consumption per kWhey
and a second BOM, including the processing materials.

The respective BOMs, the cell energy density and the energy
consumption of production are the feedstock for the LCA
model. In the following, the different models are explained in
further detail.

3.1 Battery cell model

The energy density was calculated for a large-format pouch, as
well as prismatic cells based on industrial cell designs. Metrics
of cell housing and cell components are listed in Table S1
(ESIt). Table S2 (ESIt) shows the electrochemical data of the
active materials applied in the calculations, which were based
on Table 1. Since the SIB-AAM HC exhibits varying electroche-
mical properties (see Table 2), two scenarios were modeled: HC-
basic (325 mAh g7, 0.3 V vs. Na/Na®, 1.5 g cm ™ °) representing
the SOTA and HC-optimized (375 mAh g, 0.2 V vs. Na/Na®,
1.8 g cm %), depicting a near future scenario and reflecting the
high potential for optimization of HC. In contrast to graphite
and the CAMs, commercial HC is not close to its theoretical
capacity and exhibits several notable opportunities to enhance
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its electrochemical performance, as already demonstrated on a
lab-scale.®>#* Detailed reasoning for the selected HC para-
meters is given in the ESL}

The cathode thickness was fixed at 90 pm representing a
high energy application, while the anode thickness was calcu-
lated in accordance with a 1.1 N:P ratio (negative to positive
electrode capacity ratio). To determine the number of stacks
(Nstacks) (Fig. S1, ESIf) that fit into the cell housing, the
thickness change of the stack during cycling (TC) was consid-
ered. Ngucs Was derived from the interior width of the cell
(cwine.) and the expanded thickness of a stack (Texp.) (1), which
results from the uncycled stack thickness (Tpyisine) and TC (2).

CWint.

Nstacks = Tow. 1)

Texp- = Tpristine + TC (2)

TC = TCjsrey- + TCrey- (3)

TCrey- = TCanode + TCeathode (4)
TCanode = 2 Tanode AVanode VOl %aam (5)
TCeathode = 2*TeathodeAVeathode VOl %cam (6)

TC comprises a reversible part (TCpe,.), originating from
active material volume changes during ion de-/intercalation
and an irreversible part (TCje..), due to aging processes,'®’ e.g.
electrode delamination,"®® SEI formation,"®” Li plating™®® or gas
formation'®® (3). Schulze et al'®® measured an irreversible
thickness change of 2.95% for NMCS811/graphite prismatic
cells, using 2D laser profile sensors on air-compressed cells.
Due to a lack of data, especially for SIBS, Tiyey. Was approxi-
mated as 3% of Tpyistine for all cell chemistries. Tey.(4) consists
of the thickness change of the anode (TC,node) and cathode
(TCcathode) Which depend on the crystal volume changes of
the active materials during charging (AV). During lithiation,
the graphite structure expands by ~+10%,""'®* while the
NMC811'°*'%> and LFP'**7 crystals shrink by ~—3.5% and
~ —6.5% during charging, respectively. HC shows <+5%"9%72%°
volume expansion during sodiation. The lower volume expan-
sion compared to graphite is rooted in a more porous micro-
structure of HC, which is reflected in a lower tap density.
Crystal volume changes of SIB-CAMs are very material specific,
and data availability is limited. Table 1 lists the crystal volume
changes of the analyzed CAMs, ranging from significant
volume shrinkages e.g. —10% for O3-ZNMT to larger volume
increases, e.g. +13% for PBAs. To predict T;.,. out of the crystal
structure changes of the active materials, the values for TC,pede
and TCeaode Were calculated using eqn (5) and (6), applying a
combination of the approaches described by Rieger et al.>"*°>
and Ren et al.®®® Thpode/cathode 1S the thickness of the anode/
cathode and vol%camyaam is the volume fraction of the respec-
tive active material.

The cell capacity (Qcep) is defined by the cathode capacity
(Qcathode) (7). Due to the considerably lower cost of the anode
compared to the cathode, the cell stack was designed to start
and end with a double-sided coated anode. This architecture
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Fig. 2 Schematic overview and data flow of the three developed models. The battery cell model calculates the energy density as well as a BOM for the
cell, based on material, cell format and cell design input parameters. For the defined cell a GWh year™* production is simulated in the battery cell
production model, obtaining BOM and energy consumption values for cell production. The output of these two models, LCI data from ecoinvent 3.9.1,
literature data and our own synthesis modeling data, serve as input for the LCA and the calculation of the cradle-to-gate CF. The crystal structure

visualizations were created with VESTA 3.90.0a.

8112 | Energy Environ. Sci., 2025, 18, 8104-8129

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00415b

Open Access Article. Published on 10 July 2025. Downloaded on 12/18/2025 11:57:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analysis

avoids the assembly of unused and costly CAM, in line with
commercial cell designs.

Qcell = (SNstacks - 1)'Qcathode (7)

Next to the specific energy and energy density, the result is a
BOM, listing the weights of all components that make up the
battery cell, not considering scrap in cell production. The
detailed equations are presented in the ESL¥

3.2 Battery cell production model

The output of the battery cell model serves as input for the
production model, which was based on Degen et al.>*** Even
though the model was validated for LIB production, SIB tech-
nology was assumed as a drop-in technology without major
alternations in the production process. The model aims to
calculate natural gas and electricity consumption of each
production step. The primary data applied for the energy
consumption of gigafactory machinery represent average values
derived from at least three machine manufactures for each
production step.”®® The throughput of the production steps is
based on layout planning of the GWh year ' research battery
cell factory in Miinster, Germany operated by Fraunhofer
FFB.>** Detailed information regarding the data origin can be
found in studies by Degen and Schiitte®® and Degen and
Kriitzig.”**

In the model, a throughput-based calculation was con-
ducted by calculating the cell specific production throughput
(TP;cen) [kWheen h™"] of each processing step. For the electrode
production and cutting steps, TP;.p is calculated using
the product of the producible material flow rate Q;cen [m* h™']
and the areal energy content of the double-sided cathode
(Eareal.cathode) (8)- Conversely, for the assembly and finalization
processes, Qjca [cells h™'] is multiplied with the nominal cell

energy (Ecen) (9)-
TP oqercell = Qj cel*2-Eareal.cathode (8)

cell = Qjcel"Ecent )

Jassembly/finalization?

For each production step, the machine power is disclosed.
The bottleneck of the modeled factory was the assembly line
with a throughput of 840 m® h™", hence dictating the output of
the whole process chain. For the modeled prismatic LFP/graphite
cell, 840 m®> h™" equal to a throughput of 500 cells h™*, which was
set as Qjcn for the assembly and finalization steps in all
scenarios. The energy demand of each machine and production
step was normalized to this throughput. In total, the production
line has a capacity of ~1-2 GWh year ’, depending on cell
chemistry. The result is a cell-specific energy consumption in
kWhpoq kWh.. " for each production step, distinguishing
between gas and electric energy. Furthermore, a BOM for cell
production accounts for all processing materials that are not part
of the cell, e.g. N-methyl-2-pyrrolidone (NMP) and argon.

In addition to the model of Degen et al.,> an NMP solvent
recovery system with a capacity of 4.1 million kgymp year
machine power of 2171.6 kW and heating power of 630 kW was
added, based on the analysis of Ahmed et al.>°® Furthermore, to

This journal is © The Royal Society of Chemistry 2025
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enable a scenario analysis of NMP-based vs. water-based cath-
ode processing, the solid content in the mixing process and the
natural gas power of the cathode dryer were adapted. Specific
solid contents for each CAM were modeled ranging from 60 to
80% (Table S3, ESIt), based on data from Fraunhofer FFB, with
a 10% lower solid content assumed for the aqueously processed
electrodes.”*”*°® Moreover, in the NMP scenario, the gas power
input for drying was decreased by 41.8% to 480 kW compared
to 825 kW in the model by Degen et al. due to additional heat
input from the air-to-air heat exchanger of the solvent recovery
system. A linear dependency from the system described by
Ahmed et al. was assumed. For the aqueous scenario, an
increase of 26.6% to 1045 kW was modeled, based on the work
of Wood et al.>*

3.3 LCA model

The calculated energy density, the BOM of the cell as well as the
energy consumption and the BOM of cell production served as
input for an LCA model. Seven commercially relevant SIB cell
chemistries (P2/03 NMMT, O3-ZNMT, O3-NFM111, NVPF,
NFPP, Fe-PBA, and Mn-PBA, all vs. HC), including all three
CAM classes, were modeled and compared with an LFP/graphite
cell as a benchmark. The functional unit of the analysis was
1 kWh of produced battery cell energy. Fig. 2 shows the system
boundaries and structure for this study. To reduce complexity
and enhance comparability with other studies, only the CF was
considered. The cradle-to-gate CF was determined by calculat-
ing GWP100 applying the method IPCC 2021 and economic
allocation. Ecoinvent 3.9.1 was used as the LCI database.

For the active materials, new, industrial-scale synthesis
models have been developed. The Na layered oxide CAMs were
modeled by first regarding the precursor synthesis via co-
precipitation, followed by a high-temperature calcination step,
analogous to the production of Li-NMC and the approach
presented by Dai et al.>'® The laboratory synthesis is mostly a
simple solid-state synthesis, which was assumed in previous
LCAs. However, the coinciding perception in the literature is
that co-precipitation synthesis is most suitable for large-scale
production, while solid-state synthesis is not scalable.***>'*
Moreover, specific changes compared to Li-NMC synthesis were
included. For instance, in the co-precipitation process for Fe-
containing layered oxides, such as O3-NFM, the chelating agent
NH,OH was replaced by oxalic acid because the ferrous amine
complex is unstable and prone to decomposition.>'* In contrast
to layered oxides, for polyanionic-type materials, solid-state
synthesis, often with a preceding spray drying process, is the
best applicable method for high yields at a large-scale.”**** The
LFP synthesis by spray drying and sintering was modeled based
on LCI data published by Quan et al>'® The synthesis of
polyanionic NVPF, applied in the Gen1 cells from Tiamat, was
modeled based on the described solid-state reaction in the
company’s patent.”’® Large-scale synthesis of NFPP is typically
conducted via spray drying, followed by a calcination step,
analogous to LFP, based on industrial patents’>'°>'% and
academic research.”’” The energy demand for the synthesis of
the precursor VPO, and the CAMs NVPF and NFPP was assumed
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to be equivalent to those for FePO, and LFP, given the high
similarity of the synthesis processes. For PBAs, a solvent based
precipitation synthesis was modeled, based on data from Wick-
erts et al.,'”” which originate from primary data of a PBA CAM
manufacturer. The detailed description for each CAM synthesis,
the underlying modeling parameters and the resulting LCI data
are provided in Section S3.1.2 of the ESL.¥

For the AAM, a new modeling approach was performed,
equally for synthetic graphite (SGr) and HC, to enable a
comparison that, for the first time, comprehensively includes
gas and condensable volatiles for energy generation. For SGr
production from green coke the two main energy intensive
steps calcination and graphitization were considered. The
calcination proceeds in a rotary kiln, and its material and
energy flow calculation was based on a recent model by Li
et al.>*® The energy produced by the combustion of volatiles was
calculated from their lower heating values. The literature agrees
that ~35% of the volatile matter is directly burned in the rotary
kiln,?*®722° while the remaining ~65% is recovered and com-
busted in a downstream incinerator.>'®?*! The heat generated
in the incinerator was considered a co-product and allocated a
share of the total CF using economic allocation. Table S4 (ESIt)
lists the regarded material and energy streams during calcina-
tion. The graphitization process was modeled based on a recent
study by Carrére et al®** that, for the first time, provided
primary industrial synthesis data for battery-grade SGr produc-
tion. While calcination was not modeled, their study includes
additional milling, micronizing, coating and packaging steps,
which were excluded in our analysis. The authors argue that
additional treatments like particle size tailoring or coatings
would be required for HC and the CAMs as well. However, due
to a lack of data, these cannot be modeled and consequently
were omitted for graphite production as well to maintain
comparability. The production of natural graphite was modeled
based on the LCI data from a Chinese manufacturer, published
by Engels et al.**® The coating step was not included, based on
the argument made above.

For HC, the synthesis from commercially relevant precur-
sors was regarded. Based on the conducted market review
(Table 2) and the work of Liu et al.,'® pitch (from petroleum
or coal tar), lignin, coconut shells and phenolic resin precur-
sors were attributed the highest relevancy. Pitch is used as the
standard precursor for HC synthesis in this study, due to its
position as the most widely produced precursor globally. Since
no industrial data specifically for HC production were available,
the calcination process applied in SGr production was taken as
a reference, due to its high similarity. Pyrolysis of (biomass)
precursors is often conducted in rotary kilns as well and
proceeds at similar temperatures and durations.>>* Hence, for
HC synthesis, the same energy demand (4.16 M] kgflprecursor)
as for green coke calcination was assumed. Biogenic carbon is
treated as neutral (GWP = 0). Additionally, a scenario analysis
(Fig. S3, ESIf) accounted for carbon sequestration during
photosynthesis in the biomass precursors lignin and coconut
shells. For the carbonization of pitch®***® and phenolic
resin,??*?*® gufficient analytical analyses were found in the

8114 | Energy Environ. Sci., 2025, 18, 8104-8129

View Article Online

Analysis

literature to determine the amount and molecular composition
of emerging volatile matter, which were applied in the model.
The biomass precursors were modeled based on their relative
composition of cellulose, hemicellulose and lignin (see the ESIT).
The carbonization behavior of these three polymers, including
the resulting side products (gases and bio-oil), was comprehen-
sively researched in the literature, in contrast to the carbonization
of many biomass HC precursors.”***> This approach has been
validated experimentally by Stefanidis et al,**> showing only
slight deviations due to limited heat and mass transfer in the
experiment. The method has the additional advantage that it is
easily transferable to a wide variety of biomass precursors,
enabling a fast but also very comprehensive analysis. An in-
depth description of the graphite and HC synthesis and the
modeling approach is provided in Section 3.1 of the ESL, listing
all model parameters, including mass flows (with volatiles),
energy flows and complete LCI data.

Material synthesis is assumed to be in China, while the
modeled gigafactory is in Germany. Hence, as LCI input,
natural gas and the electricity grid mix for China/Germany
were used with the characterization factors of 0.0785/0.0552 kg
CO,-eq. MJ " and 0.954/0.471 kg CO,-eq. kWh™", respectively,
taken from ecoinvent 3.9.1. The complete LCI data for all
materials and production steps analyzed in this study are
provided in the ESL}

4. Results and discussion
4.1 Energy density analysis

One of the key parameters that will decide on the degree of
competitiveness and market penetration of SIBs is their energy
density. Specific energy and energy density (Fig. 3) were calcu-
lated for pouch and prismatic cells, to highlight the significant
impact of the cell format on the energy content, which is rarely
acknowledged. Pouch cells show an increase in specific energy
and energy density compared to prismatic cells of ~25% and
~18%, respectively. The reasons are rooted in the architecture
of the prismatic cell housing, with a higher mass and more
dead volume, which increases the electrolyte demand. Conse-
quently, for the pouch cell, an electrolyte amount equal to 1.3
times the pore volume of electrodes and separator was applied
in the model, and for the prismatic cell, this ratio was set to 1.8,
hence increasing the cell weight. Moreover, due to the larger
prismatic housing, the cell is divided into two separate cell
stacks, which ensures safety but decreases energy density.

The modeled cells contain the commercially relevant CAMs
listed in Table 1 and HC as AAM, and the cathode thickness was
set to 90 um. For simplification, the cells are in the following
only addressed with the name of the CAM. In the HC-basic
(325 mAh g™, 0.3 Vvs. Na/Na*, 1.5 g cm ™ ?) scenario the LFP cell
is clearly superior, especially regarding energy density (Fig. 3a
and c). While the pouch LFP cell has a specific energy/energy
density of 214 Wh kg™ /507 Wh L™, the layered oxide-based
SIB cells are in the range of 147-206 Wh kg™ '/333-419 Wh L™,
the polyanionic cells reach 158-192 Wh kg '/310-366 Wh L *

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00415b

Open Access Article. Published on 10 July 2025. Downloaded on 12/18/2025 11:57:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science

15

T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200 210 220 230 240

Specific energy [Wh kg™]

T T T T T T T T T T

15

T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200 210 220 230 240

Specific energy [Wh kg™]

Analysis
Cathode (t=90 pm)/HC-basic
a) 540 T T T T T T T T T T T b) 540 T
520 - 520 4
17
500 i 500 U
w0 © wo] @
460 g 460
< 440 4 < 440
- -
= 420 - . < 420
2 400 - ° =3 400 -
2> 5 4 2
5 380 - = 3804
c 2 c
S 360 6@192 9 2 3601
> | = 4
B 340 3 B 340
2 3204 2 2 3204
i w
300 -+ 11 15 300
280 - 16 280
260 - byt 260 -
14
240 - 240
220 - 220 4
T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200 210 220 230 240
Specific energy [Wh kg™]
C) 540 T T T T T T T T T T T d) 540 T
520 - 520
\/
500 500 -+
480 Se 480
460 4 460 4
< 440 4 < 440 4
- 17 -
= 420 = 4204
=3 400 - 2 400 -
2 2
5 380 5 380
3 3
2 360 i.es 2 360
> ] > ]
2 340 i 9 3 340
2 320 5@, 2 320
w 10 w
300 s® 300
280 3 12 280 4
260 1 . 260
240 4 13@16 240 4
220 4 14 220 4
T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200 210 220 230 240
Specific energy [Wh kg™]
Layered oxide / HC Polyanionic-type / HC
1 O3-NMMT (Faradion Gen1) 10 NVPF (Tiamat Gen1)
2 P2/03-NMMT (Faradion Gen2)
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5 O3-CNFM-WZ (HiNa) PBA/HC
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7 O3-ZNMT (pot. Tiamat Gen2) 14 Fe-PBA (Academic)
8 O3-NFM111 (Ronbay/pot. CATL) 15 Mn-PBA (CATL)
9 03-NFM424 (Academic) 16 Mn-PBA (Academic)

11 NFPP (BYD, NaTRIUM Energy, Jiana, Ronbay)
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Fig. 3 Specific energy and energy density of commercially pursued SIB cell chemistries, distinguishing between pouch (a) and (b) and prismatic (c) and
(d) cell format and HC-basic (a) and (c) and HC-optimized (b) and (d) as the AAM. The cell metrics are 300 mm x 100 mm x 30 mm for the prismatic cell
and 317 mm x 134 mm x 13 mm for the pouch cell. The cathode coating thickness is set to 90 um for all cells. HC-basic: 325 mAh g%, 0.3 V vs. Na/Na*,
1.5 g cm~3, and HC-optimized: 375 mAh g%, 0.2 V vs. Na/Na*, 1.8 g cm™>.
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and the PBA cells achieve 161-185 Wh kg~ '/260-302 Wh L.
Although several SIB-CAMs, especially Ni-rich layered oxides,
match or surpass LFP in specific energy and energy density
(Fig. 1), the lower cell-level performance of SIBs is primarily due
to the inferior capacity, voltage and density of HC relative to
graphite. The specific energy and energy density of prismatic
cells is systematically lower, but the observed trends remain
consistent. Slight deviations in the trends can be ascribed to
the increased number of stacks in the prismatic cell, as
elaborated below.

In the HC-optimized (375 mAh g%, 0.2 V vs. Na/Na',
1.8 ¢ cm®) scenario (Fig. 3b and d), SIB cell chemistries from
all material classes reach competitive, specific energies or even
surpass LFP: O3-NFM111/424 (+5%/+6% for pouch), O3-ZNMT
(+9%), NVPF (—1%), and Mn-PBA (—5%). The named layered
oxide cells are the only chemistries which reach competitive
volumetric energy densities to LFP, O3-ZNMT being the mod-
eled cell that delivers the highest energy density (515 Wh L™*
for pouch). The majority of the layered oxide-based SIBs still
show a 10-15% lower energy density than LFP/graphite,
polyanionic-type cells —16% to —28% and PBA cells —32% to
—40% decreased values.

The results highlight the need to increase the anode perfor-
mance by optimizing HC or, alternatively, develop next-
generation AAMs with higher capacities, e.g. by adding P or
alloying materials like Sn, to achieve competitiveness with LFP-
based LIBs. Furthermore, the results must be critically examined
since the energy density is not the only parameter which must be
maximized for commercial application. Especially, high cycling
stability is crucial. Particularly, several layered oxide cells, among
them also O3-ZNMT, must still be optimized towards a higher
cycle life, which, among others, might demand lower cut-off
voltages, hence reducing specific energy/energy density. Never-
theless, Na layered oxide-based cells offer the highest energy
densities among SIBs, demonstrating the highest potential to
compete with LIBs in mobile applications such as EVs. Cells
based on polyanionic compounds exhibit a good cycle life, even
at high rates.>*?**%* This makes them promising for high-power
but also ESS applications, given their competitive specific energy.
Of course, additional factors, among others sustainability (see
Section 4.2) and cost must be acknowledged as well. ESS applica-
tions also seem to be the best fit for PBA-based cells due to their
low energy density but competitive specific energy.

Next to the choice of cell chemistry, the electrode thickness
must be tailored depending on the application. On the one
hand, high electrode thickness increases electrode loading and,
thereby, the energy density of the cell. On the other hand,
thicker coatings limit the rate capability, which results in
compromises. The increase in energy density with higher thick-
ness/loading has already been shown in previous work.**>3>7%7
However, to the authors knowledge, it has not been considered
that the energy content in practical cells does not rise steadily
with electrode thickness due to the limited and fixed size of the
cell housing, as shown in Fig. 4. Here, the specific energy and
energy density of selected cell chemistries in the prismatic,
HC-basic scenario are illustrated as a function of the cathode

8116 | Energy Environ. Sci., 2025, 18, 8104-8129

View Article Online

Analysis
a) 190 : High Pow:er Hig.h Enejrgy g Ultra Hiéh Energy
180 4
x
>
S
)
c
]
2
N
‘o 130 4
8101
o
N 120 4
110 4
100 T T T T T
40 60 80 100 120 140
Cathode coating thickness [um]
@ P2/03-NMMT e NFPP
03-ZNMT eammwFe-PBA
s 03-NFM111 Mn-PBA
NVPF LFP/Graphite
b)4eo r T — T
440 High Power High Energy Ultra High Energy.
420 -
400 4
4 i
= 380 + 3
=, 360 |
£ 340 ;
c :
g 3201 WMIAAN A
> 300 - :
< .
© 280 4 3
o |
Wi 260 ; AMAAAA
240 ?
2201 W
200 T T T : T T
40 60 80 100 120 140

Cathode coating thickness [um]

Fig. 4 Specific energy (a) and energy density (b) for selected SIB cell
chemistries in the prismatic cell, HC-basic scenario depending on the
cathode coating thickness, compared to an LFP/graphite cell. For Fe-PBA
and Mn-PBA the electrochemical data from Altris/Northvolt and CATL are
applied (cell 13 and 15 from Fig. 3). In this study the coating thickness was
set to 90 um, which is marked for clarification.

coating thickness. The energy metrics show a limited growth
curve regularly interrupted by sharp decreases that originate
from the reduction of electrode layers that fit into the cell
housing with increasing electrode thickness. The decreases
are especially significant in terms of volumetric energy density
(up to —23 Wh L' for O3-ZNMT) since, in contrast to weight
and capacity, the cell volume always remains constant. This fact
must be considered in cell and electrode design to maximize the
cell’s energy content and reduce costs per kWh. Furthermore,
cells based on high-density CAMs show a comparatively high
energy content at low coating thickness. However, their specific
energy and energy density plateau faster and show larger drops.
Moreover, with rising coating thickness the influence of cell
voltage increases. This is exemplified by the narrowing gap in

This journal is © The Royal Society of Chemistry 2025
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Table 3 BOM and nominal energy of modeled prismatic cells in the HC-basic scenario. CMC = carboxymethyl cellulose, SBR = styrene-butadiene

rubber, and PVDF = polyvinylidene fluoride

P2/03-NMMT O3-ZNMT O3-NFM111 NVPF NFPP Fe-PBA Mn-PBA LFP/graphite
Component Mass [g] Mass [g] Mass [g] Mass [g] Mass [g] Mass [g] Mass [g] Mass [g]
Anode
AAM 347.5 394.8 386.3 290.4 300.8 267.4 265.7 387.6
CMC 7.2 8.2 8.0 6.1 6.3 5.6 5.5 8.1
SBR 5.5 6.2 6.1 4.6 4.7 4.2 4.2 6.1
Carbon black 1.8 2.1 2.0 1.5 1.6 1.4 1.4 2.0
Al/Cu-CC 38.3 32.9 34.2 46.6 46.6 46.6 46.6 164.9
Cathode
CAM 672.5 615.8 641.1 612.9 634.7 451.5 448.7 726.0
PVDF 14.0 12.8 13.4 12.8 13.2 9.4 9.3 15.1
Carbon black 14.0 12.8 13.4 12.8 13.2 9.4 9.3 15.1
Al-CC 34.8 29.7 31.0 42.6 42.6 42.6 42.6 45.2
Other
Electrolyte 424.5 430.5 431.3 425.2 432.4 409.2 408.1 423.6
Separator 36.6 31.3 32.6 44.4 44.4 44.4 44.4 47.0
Cell housing 330.0 330.0 330.0 330.0 330.0 330.0 330.0 330.0
Total cell mass 1926.7 1907.1 1929.4 1829.7 1870.4 1621.7 1615.7 2170.8
Nominal energy [Wh Cellfl] 283.5 317.0 309.6 278.5 235.6 209.5 229.7 383.4
Specific energy [Wh kg™!] 147.1 166.2 160.5 152.2 126.0 129.2 142.2 176.6
Energy density [Wh L_l] 315.0 352.2 344.0 309.5 261.8 232.8 255.2 426.0

specific energy between the higher voltage Mn-PBA cell and the
P2/03-NMMT cell as the cathode thickness increases. For the
volumetric energy density, the effect is smaller because it scales
with the material density as well. Notably, at lower electrode
thicknesses, SIBs are more competitive with LFP/graphite in
terms of specific energy because the Al current collector (CC)
has a lower density compared to the Cu CC applied in LIBs.*

4.2 Carbon footprint analysis

The basis for the LCI is the BOM of the modeled cells, an
output of the battery cell model, which is shown in Table 3 for
prismatic cells in the HC-basic scenario. The cradle-to-gate CF
is quantified as the cumulative impact from the individual cell
components, the materials used in cell production, and the
energy consumed throughout cell production. Two parameter
variations were analyzed: the impact of applying HC-optimized
resulting in higher energy density and the impact of aqueous
cathode processing.

4.2.1 Cradle-to-gate CF of SIB cells vs. LFP/graphite. The
results for prismatic cells in the HC-basic and HC-optimized
scenarios are presented in Fig. 5. The CF of the LFP/graphite
benchmark is highly dependent on the choice of SGr or natural
graphite (NGr) as the AAM. The LFP/SGr cell exhibits a CF of
76.1 kg CO,-eq. kWh™ ', which is 35% higher compared to the
NGr-based LFP cell (56.5 kg CO,-eq. kWh™'). Current market
shares of SGr and NGr in LIBs are approximately 75% and 25%,
respectively, with a further increase in SGr application
anticipated.*?*?*%23° To ensure a meaningful comparison and
account for the fact that LIB anodes increasingly contain blends
of SGr and NGr,>"° LFP/graphite with an AAM consisting
of 75 wt% SGr and 25 wt% NGr was selected as the primary
benchmark. The resulting CF of 71.2 kg CO,-eq. kWh™' is
illustrated as a horizontal reference line in Fig. 5.

This journal is © The Royal Society of Chemistry 2025

Generally, in the HC-basic scenario, the CFs of all analyzed
SIB and LIB cell chemistries are within the same order of
magnitude and mostly show CF differences <20%. All
SIB cells show higher CFs, compared to the LFP/graphite
benchmark. However, the best-performing SIB cell, O3-ZNMT
(71.6 kg CO,-eq. kWh™') nearly matches the benchmark
(4 < 1%). Most other SIB cell chemistries show slightly to moder-
ately increased values, ranging from 3 to 17% above the reference.
Only the NVPF cell (97.3 kg CO,-eq. kWh™') and the LFP cell with
100% NGr (56.5 kg CO,-eq. kWh™") deviate substantially from the
benchmark, by +37% and —21%, respectively.

Faradion’s P2/O3-NMMT cell chemistry exhibits a higher
cradle-to-gate CF of 83.6 kg CO,-eq. kWh™' compared to the
other layered oxide-based SIBs, mainly due to its lower energy
density. The NFPP and Mn-PBA cells show very similar values to
the LIB benchmark with 73.4 kg CO,-eq. kWh™" and 75.8 kg
CO,-eq. kWh ™, respectively.

In the HC-optimized scenario, the increase in energy density
results in a CF reduction of 7-11%. Consequently, four out of
the seven evaluated SIB cells exhibit a lower CF than the
benchmark, while only NVPF shows a higher impact than LFP
with 100% SGr. This result underlines the importance of
increasing energy density, not only for competitiveness regard-
ing electrochemical performance but also for environmental
footprint.

Comparing the results with Peters et al.,*® so far the most
comprehensive LCA study on SIBs, the obtained cradle-to-gate
CFs are higher for NMMT (+65%) and LFP/graphite (+43%),
while Fe-PBA has a lower CF (—6%). Generally, the CFs of the
different cell chemistries show smaller deviations compared to
Peters et al.’s results and LFP’s CF is increased relative to the
SIBs. Looking at the emission breakdown, significant differ-
ences to Peters et al. regarding the impacts of cell housing, the
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Fig. 5 CF of selected SIB cell chemistries in comparison with LFP/graphite in prismatic cell format in the HC-basic (left) and HC-optimized (right)
scenarios. The underlying cell is the same as in Fig. 3c and d with a cathode thickness of 90 um. For Fe-PBA and Mn-PBA the electrochemical data from
Altris/Northvolt and CATL are applied. The category "miscellaneous” contains the material handling operations during cell production, the dry rooms
(dew point: —40 °C) and the NMP recovery system. Processing materials contain solvents for mixing, compressed air, argon and nitrogen. The horizontal
line labeled "75: 25 SGr: NGr” illustrates the CF of an LFP cell containing a graphite blend composed of 75 wt% SGr and 25 wt% NGr. The ratio equals the

current market shares of SGr and NGr, thus is used as the benchmark.

active materials, and cell production are observable. These are
also the largest sources of GHG emissions and, therefore,
examined in detail in the following.

Regarding the cell housing, the difference to Peters et al. is
rooted in the different amount of Al casing. This work models a
large, commercial, prismatic cell housing, with the majority of
the 330 g cell housing weight stemming from Al, a high-impact
material (13.8 kg CO,-eq. kg™ '). Peters et al. model a much
lighter housing (34-61 g depending on cell chemistry), indicat-
ing a pouch cell format, which consequently requires less Al,
resulting in fewer GHG emissions.

For all SIB cell chemistries, the cathode composite is the cell
component that causes the most GHG emissions (19.1-51.4 kg
CO,-eq. kWh™'). In the case of LFP/graphite, the cathode also
accounts for a substantial CF (17.0 kg CO,-eq. kWh™');
however, it is exceeded by the emissions associated with
the anode composite (blend: 20.6 kg CO,-eq. kWh™', SGr:
25.5 kg CO,eq. kWh™', NGr: 5.9 kg CO,-eq. kWh™"). This
represents a large deviation from SIBs, where the HC-based
anode only allocates ~4 kg CO,-eq. kWh™'.

4.2.2 CF of SIB and LIB active materials. In light of the
high share of the active materials to the total CF, Fig. 6
illustrates a comparison of the material-specific impacts of
the modeled active materials [kg CO,-eq. kg™ ']. Furthermore,
the three main sources of GHGs associated with their synthesis
are depicted, respectively. On the one hand, the CFs of all
SIB-CAMs besides NFPP (5.8 kg CO,-eq. kg™ ') are considerably
higher compared to LFP (7.6 kg CO,-eq. kg™'), ranging from
9.0 kg CO,-eq. kg for Fe-PBA to 22.0 kg CO,-eq. kg " for NVPF.

On the other hand, the CF of pitch-based HC AAM (3.2 kg
CO,-eq. kg™') is nearly a magnitude lower compared
to SGr (25.1 kg CO,eq. kg™'). The difference to NGr
(5.7 kg CO,-eq. kg ™) is considerably smaller. Biomass-derived
HCs from coconut shells and lignin exhibit comparable CFs of
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2.6 kg COy-eq. kg™' and 3.4 kg CO,-eq. kg™', respectively.
However, when biogenic carbon uptake during biomass
growth is accounted for, the CF is significantly reduced to
0.3 kg CO,-eq. kg™" and 0.7 kg CO,-eq. kg™ " (Fig. S3, ESI{).
The high CF of SGr mainly roots from the energy-intensive
graphitization process, where needle coke powder is graphi-
tized in graphite crucibles for several weeks at ~3000 °C,
requiring 16 kWh kg™ ' electricity, as recently disclosed by
Carrére et al.”*® Additionally, about 30% of SGr’s footprint
stems from the graphite crucibles, which are consumed during
graphitization. In contrast, HC is produced via carbonization at
distinctively lower temperatures (900-1600 °C). The process only
lasts several hours, thus requiring substantially less carboniza-
tion energy. Moreover, unlike biomass-based and NGr precur-
sors, which contain high levels of ash and inorganic impurities,
pitch-based HC synthesis does not require acid purification. A
detailed description of the acid treatment and its associated
environmental impacts is provided in the ESLt Additional pre-
and post-treatment steps, as well as a pre-oxidation/carboniza-
tion, might be added (Fig. S2, ESIt). However, compared to the
carbonization process, pre- and post-treatments have a small or
even negligible energy demand.'”® Based on this fact and the
conjuncture that no industrial data for HC production are
available, only the energy-intensive synthesis steps for HC and
SGr, but also CAM production are regarded. Carreére et al. even
calculate a CF of 42 kg CO,-eq. kg™ for SGr, and the additional
footprint is caused by milling, micronizing, coating and packa-
ging steps. Based on the argument made above (see Section 3.3),
these steps were disregarded in this study. The same applies for
the coating of NGr. The coating step significantly increases the
CF to 9.6 kg CO,-eq. kg™, as shown by Engels et al,*** who
provided primary data from a Chinese NGr producer. While this
approach ensures comparability, it underestimates the total CF of
the active materials and, ultimately, the battery cells. This

This journal is © The Royal Society of Chemistry 2025
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synthesis are also illustrated.

highlights the critical need for comprehensive, industrial primary
data for AAM and CAM synthesis to improve the accuracy of LCAs
for battery systems. The studies of Carrére et al. and Engels et al.
represent important steps towards this goal. Carrére et al., for the
first time, holistically quantified the CF of battery-grade SGr
based on industrial primary data. Previous LCAs of LIBs generally
applied graphite LCI data from ecoinvent (based on Dunn
et al>*"), Surovtseva et al.”*> or the GREET model.>** However,
in all cases, the less energy-intensive Acheson block process
route, applied in primary aluminum production, is modeled,
which largely varies from the Acheson powder process used to
yield battery-grade SGr.*** This resulted in a significant under-
estimation of the CF of SGr, and, therefore of LIBs.

Moreover, a new modeling approach, for the calcination
process to produce needle coke, which is not included in the
work of Carrére et al., is presented that, for the first time,
comprehensively includes gas and condensable volatiles for
energy generation (see the ESIT). The calcination of green coke is
conducted in rotary kilns at ~1400 °C, powered by natural gas
and volatile combustion. About 35% of the volatile matter is
burned directly in the rotary kiln.*****° The remaining 65% of
volatile matter is recovered and combusted in a downstream
incinerator.>'®?*! Carbonization of (biomass) precursors to pro-
duce HC is often carried out in rotary kilns as well and proceeds
at similar temperatures and durations.””* In the absence of
industrial data specific to HC production, the calcination process

This journal is © The Royal Society of Chemistry 2025

was used as a reference. In the case of HC produced from pitch,
the precursor with the highest large-scale production potential,'®®
the volatiles combusted in the carbonization unit produce more
energy (8.65 MJ kgflpitch_HC) than required for the carbonization
(6.40 MJ kg’lpimh_HC). This makes the process self-sustaining,
which agrees with previous assumptions in the literature, now
quantified by applying the lower heating values of the respective
volatile matter (ESL{ Section S3.1.1)."”” The same is true for
the biomass precursors coconut shells and lignin. Due to
their lower carbon yield, the required energy is rising (e.g
15.0 MJ kg’lcoconut_Hc), but the same applies to the volatile
combustion energy during pyrolysis (15.1 MJ kg™ "coconuttc)-
Only for phenolic resin, additional natural gas must be supplied
to fuel the carbonization, comparable to green coke calcination.
In the absence of industrial primary data, this approach still
includes a degree of uncertainty. Nevertheless, the authors want
to emphasize the significance of volatile matter combustion to
the energy balance of HC and needle coke production. This
energy contribution was neglected or highly simplified in past
studies. Especially, the differing molecular composition of the
volatile matter, depending on the respective precursor, has not
been quantitatively considered before.

The excess heat generated is treated as a co-product, with its
share of the total CF is determined through economic alloca-
tion. This results in a CF reduction for HC of 1-5%, depending
on the precursor. When biogenic carbon is accounted for,
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biomass-derived HC becomes nearly burden-free (e.g. 0.3 kg
CO,-eq. kg" coconurtic)- However, the low GHG emissions attrib-
uted to pitch and biomass precursors must be put into perspec-
tive since they are by- or waste-products with low or no allocated
economic value, leading to low CFs. This could significantly
increase in the case of a sharp ramp-up of HC production and
increasing demand for the respective precursors. The detailed
CF allocation of all assessed HCs is illustrated in Fig. S3 (ESIT).

Looking at the CF of the CAMs, no advantage for SIB
materials can be observed. In contrast, LFP exhibits a compar-
ably low CF with 7.6 kg CO,-eq. kg™ ', while NMC811 shows the
highest CF of all observed active materials (26.9 kg CO,-¢eq. kg™ ).
For Na and Li layered oxide CAMs, the synthesis energy,
especially the electricity for the calcination, is the largest
CF contributor. This originates from the high energy demand
(7.26 kWh kgcay ') in combination with the carbon intensive
Chinese electricity mix (0.95 kg CO,-eq. kWh™'). With
6.9 kg CO,eq. kg™, the electricity makes up nearly half of
the footprint of Na layered oxides. Additionally, the high impact
of NiSO, (5.0 kg CO,-eq. kg™ ") is driving the CF of the layered
oxides. Nevertheless, compared to NMC811, the Na layered
oxides have a significantly reduced CF (all ~15 kg CO,¢q. kg™ ")
due to their lower Ni content and the substitution of the high-
impact precursors LiOH (5.0 kg CO,-eq. kg~') and CoSO,
(28.9 kg CO,-eq. kg™") with low impact materials like NaOH
(1.3 kg CO,-eq. kg™ ') and FeSO, (0.3 kg CO,-eq. kg™ ).

Among the seven SIB-CAMs assessed, NFPP has the lowest
mass-based CF, at 5.8 kg CO,-eq. kg~ ', making it the only SIB-
CAM with a lower impact than LFP. NFPP and LFP are synthe-
sized via nearly identical process routes, involving spray drying
followed by calcination. Accordingly, the same energy demand
was assumed for their synthesis. The primary reason for
the reduced CF is the substitution of high-impact Li,CO;
(7.7 kg CO,-eq. kg™ ") with Na,CO; (1.3 kg CO,-eq. kg™ ).

Despite its equally low synthesis energy, NVPF shows the
highest CF of all SIB CAMs, majorly attributed to the precursor
V,05. The high impact material (41.0 kg CO,-eq. kg~') makes
up 77% of the GHGs allocated to NVPF production. V,05 is
extracted from vanadium-bearing slag, a by-product of crude
steel production.>** By applying economic allocation, a sub-
stantial share of the GHG emissions linked to the energy-
intensive crude steel production was allocated to vanadium
slag and, ultimately, V,05 due to the high price of the pre-
cursor. The result is a very high CF of V,05 and, ultimately,
NVPF. New LCI data for V,05 are listed in the ESI,{ based on
industrial data from a large-scale production plant in China,
the main producing country of V,05.>*

Prussian white CAMs are industrially synthesized by apply-
ing a low-temperature, solvent-based precipitation method with
comparatively low energy demand (0.26 kWh kg™ ' ¢an).">>17724
The low energy consumption of the synthesis results in reduced
GHG emissions, classifying PBAs as a low-CF CAM class among
SIBs. Nevertheless, due to the high consumption and impact of
the sodium ferrocyanide (Na,Fe(CN)s) precursor (4.5 kg CO,-eq. kg™ %),
that makes up 70% of Fe-PBA’s emissions, the total CF is still
higher compared to LFP. The high CF of Na,Fe(CN), mainly
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originates from the precursor HCN (7.8 kg CO,-eq. kg™ ') and its
GHG intensive production from methane and ammonia.**’

4.2.3 CF of gigafactory-scale cell production. In addition to
the materials, cell production within the gigafactory is the
second substantial source of GHG emissions, contributing to
the cradle-to-gate CF. Cell production, namely the impact of
processing materials like NMP and the manufacturing energy,
makes up 13-20% of the cradle-to-gate CF, ranging between
10.5 kg CO,-eq. kWh ™' (03-ZNMT) and 16.3 kg CO,-eq. kWh ™!
(Fe-PBA) in the HC-basic scenario. For LFP-cells the production
footprint is 9.8 kg CO,-eq. kWh™ . By applying HC-optimized,
the CF is reduced to 8.9-14.6 kg CO,-eq. kWh™' due to the
increase in energy density. It is important to note that, unlike
the material synthesis, cell production is modeled for a location
in Germany rather than China, utilizing an electricity mix with
only half the carbon intensity. When Chinese grid emission
factors are applied, the CF of cell production in the HC-basic
scenario increases to 17.2-27.3 kg CO,-eq kWh ™', As a result,
the relative contribution of cell manufacturing to the total CF
rises significantly, reaching 20-30%, highlighting the influence
of site selection on the CF.

The differing impacts between cell chemistries are mainly
attributed to the variations in energy density. The lower energy
density of SIBs proves disadvantageous, because it requires the
production of more cells to reach the same total energy output.
Consequently, the CF for cell production is higher for SIBs
compared to LFP/graphite cells. The same principle applies to
production costs.>*® Additionally, the applied solid content in
the slurry affects the mixing throughput. The manufacturing
energy consumption was calculated based on Degen et al.,’
utilizing primary data from machine suppliers and modeled
according to the production model outlined above. The result-
ing emissions are 2-3 times lower compared to Peters et al.*° or
Wickerts et al.'’” Given the high reliability of the data (£10%
uncertainty),” the authors are confident in presenting realistic
values, thereby supporting the argument made by Peters et al.
that the footprint of cell manufacturing has been overestimated
in previous studies.

A further breakdown of the CF into the single process steps
is shown in Fig. 7. The formation process results in the largest CF
contribution for all cell chemistries, followed by the dry rooms as
well as coating and drying of the electrodes. One strategy to
reduce the environmental impact of battery cell production is to
avoid the toxic and costly solvent NMP, which requires a labor-
ious solvent recovery system. While graphite- and HC-based
anodes are being processed with water already, for cathode
production, NMP is still SOTA. To quantify the advantage in
terms of GHG reduction, Fig. 7 compares NMP-based cathode
processing with the aqueous alternative. Although NMP has a
high impact (6.7 kg CO,-eq. kg™ '), its contribution to the CF of
cell manufacturing is small (<0.1 kg CO, kWh™"). This is a
consequence of the high NMP recovery rate (~98%), meaning
that only about 2% of the NMP required for slurry mixing is
supplied as virgin material. In contrast, the NMP solvent recovery
system itself contributes up to 1 kg CO, kWh™" or 6-9% of the
emissions from cell manufacturing. Applying aqueous processing

This journal is © The Royal Society of Chemistry 2025
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results in an emission reduction of 3-5% for cell manufacturing.
The fact that the total GHG reduction is smaller than the
emissions saved by omitting the solvent recovery system is mainly
based on the differing gas power input of the drying unit. In the
NMP scenario, the air-to-air heat exchanger of the solvent recovery
system feeds waste heat into the dryer, thereby reducing its natural
gas demand compared to aqueous cathode production. This
assumption is only valid if the solvent recovery system is integrated
into the gigafactory and not outsourced. Furthermore, the reduced
solid content for aqueous processing (Table S3, ESIt) lowers the
throughput of the mixing process, hence increasing emissions.
The resulting CF reduction at the cell level of 3-5% is
additionally increased by the material switch from high-impact
PVDF (61.1 kg CO,-eq. kg™ ')** to less GHG intensive SBR (2.5 kg
CO,eq. kg™") and CMC (4.8 kg CO,-eq. kg™"). Even though the
CF reduction is small, it must be considered that a switch from
NMP to aqueous processing has many other benefits beyond
GHG reduction. The advantages entail improvements in the area
of other environmental impact categories (e.g. human toxicity),
cost reductions due to the abolishment of the NMP recovery
system, reduced safety requirements and lower disposal
costs.>*>**® On top of that, aqueous processing eases battery
recycling, especially direct recycling.>>' Apart from that, the
influence on electrode quality must be considered. In this work,
no effect on the battery’s energy density was assumed since,

This journal is © The Royal Society of Chemistry 2025

despite known challenges and degradation effects, especially for
layered oxide CAMs,***>** tremendous progress has been made.
Recent studies show comparable or even enhanced perfor-
mance for aqueously processed cathodes.>®*” Nevertheless, a
significant reduction in energy content, and thereby increased
COy-eq. kWh™', will likely more than outweigh the presented
reduction. Hence, regarding CF, a switch to aqueous processing
is only advisable if the electrochemical performance is at least
comparable to the NMP-based process. If NMP is applied, the
recovery system should be optimized for high recovery rates,
energy efficiency and installed onsite to minimize the environ-
mental footprint.

5. Conclusions

SIBs are entering the battery market with several companies
pursuing plans for gigafactory-scale production. The “drop-in”
capability on existing LIB manufacturing lines substantially
reduces market entry barriers and accelerates production scale-
up. SIBs are particularly developed for cost-sensitive markets and
applications, such as ESS and EVs. Consequently, LFP-based LIBs
are the main competing technology. Beyond costs, SIBs must
challenge LIBs in terms of electrochemical performance and
sustainability, which was analyzed in this work.
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The aim of this study was to quantitatively benchmark the
energy density and CF of SOTA and promising SIB cell chemis-
tries in comparison to LFP/graphite, assessing the current
development stage and competitiveness of SIBs. Based on a
screening of commercially pursued SIB active materials and
their electrochemical properties, a comprehensive modeling
approach was applied to determine the energy density and CF
of SIB cells produced at gigafactory-scale. The performed LCA
covers the whole value chain, from raw material extraction and
active material synthesis to gigafactory-level production, in all
cases applying industry-scale data. Moreover, this analysis
identifies key factors for improving SIBs on the GWh year "
production scale to further increase their industrial relevance.

HC is currently the only commercially relevant AAM for SIBs,
whereas leading SIB cell manufacturers are pursuing CAM
representatives from all main material classes, namely layered
oxides, polyanionic compounds, and PBAs. In a HC-basic
scenario, SIB cells composed of SOTA HC (325 mAh g %, 0.3 V
vs. Na/Na®, 1.5 g cm?) paired with industrially pursued CAMs,
still exhibit a considerably lower energy content than LFP/
graphite, gravimetrically (3-26% less Wh kg™ "), but particularly
per volume (17-49% less Wh L™'). Improving the electro-
chemical performance of HC, a current research objective,
can narrow or even close this gap. Applying HC-optimized
(375 mAh g%, 0.2 V vs. Na/Na*, 1.8 g cm™?) cells based on all
three CAM classes reach competitive specific energies [Wh
kg™ '] compared to the LIB benchmark. The energy density
[Wh L™'] of most SIB cells remains lower, most pronounced
for PBA-based cells. However, the best performing SIB cells O3-
ZNMT and O3-NFM surpass LFP/graphite regarding specific
energy (+4-8% Wh kg™") and reach equal energy densities.
Hence, layered oxide-based SIBs have the greatest potential to
compete with LIBs in EV applications, at least in terms of
energy density.

Furthermore, the importance of tailoring the electrode coat-
ing thicknesses is emphasized to achieve energy-optimized
cells because the cell’s energy content does not increase con-
tinuously with greater electrode thickness.

The results of the LCA indicate that, at the current develop-
ment stage (HC-basic scenario), SIBs show cradle-to-gate CFs
comparable but slightly higher than the benchmark LFP/graphite.
The CF of LFP/graphite varies significantly depending on the type
of graphite applied. LFP cells using SGr exhibit a CF of 76.1 kg
CO,-eq. kWh ™", which is 35% higher than those entailing NGr at
56.5 kg CO,-eq. kWh™'. Given the current market share (~75%
SGr, ~25% NGr) and the increasing use of blended anodes, this
study adopts a 75:25 SGr: NGr composition as the benchmark,
yielding a CF of 71.2 kg CO,-eq. kWh ™.

Generally, the CF deviations across the analyzed cell che-
mistries are small (<17%). Only the NVPF cell (97.3 kg CO,-
eq. kWh™ ') and the LFP cell with 100% NGr (56.5 kg CO,-
eq. kWh™') deviate significantly from the benchmark.
03-ZNMT/HC is the SIB cell with the smallest CF at 71.6 kg
CO,-eq. kWh™",

The majority of GHGs, 80-87% of the CF, are attributed to
material extraction and synthesis, and the remainder result
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from cell production. Particularly, the impact of the active
materials is standing out, often making up more than 50% of
the emissions. All SIB active materials have been assessed
based on industry-scale data, including processing materials.
New LCI data are provided for Na layered oxides, NVPF, NFPP
and HC. For the synthesis of HC and the SGr precursor, needle
coke, an unprecedented modeling approach, quantifying the
energy produced from emerging volatiles is performed. The
authors argue that energy generation from volatiles is substantial
and has been neglected in previous work. Efficient capturing and
energy generation from volatiles should be considered in HC
synthesis plants to minimize energy costs and GHG emissions.

Energy generation from volatiles enables self-sustaining HC
synthesis via carbonization, leading to low process emissions.
The CF of pitch-based HC is 3.2 kg CO,-eq. kg™, nearly half
that of NGr (5.7 kg CO,-eq. kg™ '), while SGr (25.1 kg CO,-eq. kg™ )
even shows roughly eight times the impact of HC. The high CF
of SGr primarily stems from the additional energy-intensive
graphitization. Consequently, the use of HC enables SIBs to
achieve competitive CFs to LIBs, despite their significantly lower
energy density. Applying biomass-derived HC could further reduce
the environmental impact, especially if SIBs exhibit long lifetimes,
thus also function as long-term carbon storage. This would include
the storage of biogenic carbon, resulting in nearly burden-free HC
(e.g 0.3 kg COyeq. kg" coconucric)- In LIBs, the substitution of SGr
with NGr significantly reduces the CF. However, given its lower
purity, limited availability and the environmental burdens of
mining, NGr’s market share is expected to decrease even further.
Therefore, it becomes essential to advance and scale graphite
recycling techniques, an area that has been largely neglected
within the industry.>*®

The analyzed SIB-CAMs demonstrate no environmental
advantage compared to LFP. In contrast, LFP (7.6 kg CO,¢q. kg™ ")
has a lower CF than most SIB-CAMs, the only exception is
polyanionic NFPP (5.8 kg CO,-eq. kg™ ). For the layered oxides
(all ~15 kg CO,eq. kg™ "), the synthesis energy and the NiSO, precursor
are emission hotspots. The CF of NVPF (22.0 kg CO,-eq. kg™ ') and
the PBAs (Fe-PBA: 9.0 kg CO,-eq. kg™ ') mainly arise from a single
precursor, V,05 and Na,Fe(CN)s, respectively.

Based on this study and recent work®?***® it can be assumed
that most LCA studies underestimate the CF of battery active
materials, often applying lab-scale LCI data. The consideration
of production losses and detailed processing reagent data leads
to significantly increased emission values. However, compre-
hensive primary industrial data are still scarce, even for LIB
materials and should be a focus of future studies.

Additionally, two scenario analyses for enhancing environ-
mental performance have been carried out. One aspect analyzed
was the increase in energy density by applying HC-optimized.
Secondly, aqueous cathode processing was modeled, replacing
SOTA NMP-based production. Aqueous processing results in small
GHG reductions with a cradle-to-gate CF decrease of 3-5%. The
increase in energy density was found to be a more significant
factor, reducing the CF of the SIB cells by 7-11%. Consequently, in
the HC-optimized scenario, the majority of the assessed SIB cells
exhibit smaller CFs than the LFP benchmark.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee00415b

Open Access Article. Published on 10 July 2025. Downloaded on 12/18/2025 11:57:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analysis

Future studies could explore additional environmental
impact categories, thereby examining other propagated envir-
onmental advantages of SIBs, such as the abundance and
global distribution of Na compared to Li. Additionally, more
comprehensive industrial synthesis data, specifically for SIB
materials, is needed to enhance the accuracy of LCAs. Further-
more, future work should consider the use phase, including
cycle life and cycling stability of SIB cells, as well as end-of-life
treatment options, to provide a holistic environmental and
technological assessment. For this purpose, real-life data from
SIB cells implemented in applications should be incorporated,
as such data are currently lacking. Moreover, future work
should investigate the recycling of SIBs and explore strategies
to overcome the limited economic incentive of SIB recycling,
which stems from their comparatively low metal value.**°

It can be concluded that SOTA SIBs show notably lower
energy densities compared to LFP cells but already exhibit
competitive CFs. Particularly, the AAMs play a critical role in
the comparison of SIBs with the LFP benchmark. On the one
hand, HC is the main bottleneck towards competitive energy
densities, due to its inferior electrochemical performance relative
to graphite applied in LIBs. On the other hand, the CF of HC is
nearly a magnitude lower than that of SGr, enabling several SIB
cell chemistries to exhibit comparable cradle-to-gate emissions to
the LIB cell. Thus, enhancing the electrochemical performance of
HC emerges as a key factor in order for SIBs to match the energy
density of LFP cells, while further reducing the CF. Additionally,
the most effective strategies to reduce GHG emissions involve
energy-efficient CAM synthesis and minimization of high-impact
precursors, such as NiSO,, V,05 and Na Fe(CN)s.
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