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ARTICLE INFO ABSTRACT
Keywords: Sodium-ion batteries (SIBs) have emerged as an alternative to lithium-ion batteries (LIBs) due to their promising
Prospective life cycle assessment performance in terms of battery cycle lifetime, safety, operating in wider temperature range, as well as the

Sodium-ion batteries
Greenhouse gas emissions
Emerging technologies

abundant and low-cost of sodium resources. This study evaluated the climate impacts of three SIBs, and
compared to two LIBs under four scenarios with considering potential changes in battery performance and
background productions between 2020 and 2050. To ensure a fair comparison, all batteries were modeled in the
21,700 form, and a battery dimensioning model was developed to calculate the required amount of components
for each battery. We found that equal to lower GHG emissions result from the use of SIBs compared to LIBs under
optimal performance scenarios. From 2020 to 2050, the climate impacts of SIBs decreased by 43-57 %. The
relative contribution of the battery manufacturing process decreases from 18-32 % to 2-4 % due to the
increasingly share of clean energy in the electricity grid, while the relative contribution of key battery compo-
nent materials increases over time, especially for cathode active materials. These results emphasize the signifi-
cance of decarbonizing the electric grid, and suggest that future investment in SIBs is promising from an
environmental point of view.
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Agency (IEA) predicted that battery demand for EVs could reach up to
5.6 TWh by 2030 (under Net Zero Emission scenario), which is 16 folds
of the demand in 2021(IEA, 2022). Bogdanov et al. (2019) projected that
48 TWh of battery storage capacity is needed in order to achieve a 100 %
renewable electricity system by 2050. Currently, lithium-ion batteries
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(LIBs) dominate the rechargeable battery market due to their versatility
(covering a wide range of applications) and outstanding performance (e.
g. high energy density, high power and good lifetime and energy con-
version efficiency) (Kim et al., 2019). However, relying solely on LIBs to
meet the fast-growing energy storage demand is putting significant
pressure on lithium supply chain. This pressure could pose adverse ef-
fects on Indigenous people in mining regions (Owen et al., 2023), lead to
ecosystem damage (Petavratzi et al., 2022), contribute to a serious
lithium supply deficit (Greim et al., 2020), and consequently results in
lithium prices increase (Tapia-Ruiz et al., 2021). The short-term avail-
ability concerns on lithium supply, in combination with the
geographically-constrained reserves and inefficient resource manage-

SIS

Climate impacts per FU =
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with two lithium-ion batteries (LIBs). The functional unit (FU) is 1 kWh
of energy delivered over the battery’s lifetime. This study only considers
climate impacts because the integrated assessment model (IAM) used to
explore future scenarios focuses on changes in greenhouse gas (GHG)
emissions. Given the recent emergence of SIBs in the market, high un-
certainty exists in their end-of-life phase, and therefore it was not
included in this study. The system boundary includes raw material
extraction, transportation, production of precursors, production of bat-
tery components, battery manufacturing processes, and use phase by
considering the depth of discharge (DoD), lifetime (in cycles) and
roundtrip efficiency. The climate impacts associated to battery produc-
tion is therefore calculated as the following equation:

®

specific energy x DoD X lifetime X roundtrip effciency

ment in the “lithium triangle” (the lithium reserves abundant region,
concluding Bolivia, Chile and Argentina) (Eftekhari, 2019), have raised
awareness on the importance of developing alternative battery
technologies.

Meanwhile, the increasing amount of research on sodium-ion bat-
teries (SIBs) and the growing numbers of SIB startups show that SIBs are
attracting significant attention as a potential alternative to LIBs (Broux
et al., 2019; Rudola et al., 2021a). Several companies, such as Faradion
in UK (Faradion, 2022), CATL in China (Carla, 2023), Tiamat in France
(Tiamat, 2022), Natron from the United States (Natron Energy, 2023),
etc. have developed commercial prototypes. This is due to the abun-
dance and low cost of sodium resources, the high safety and long cycle
life of SIBs, as well as their excellent performance at cold temperature
(Liuetal., 2019; Rudola et al., 2021Db). Recent studies also projected that
SIBs could cost 10-30 % less than LIBs, indicating them a more afford-
able energy storage option, especially in developing regions (Abraham,
2020; IEA, 2023; Rudola et al., 2023). Given the fact that sodium ions
(Na+) has larger atomic radius than lithium ions (Li+), the volumetric
energy density (Wh/L) of SIBs are intrinsically lower than that of most
types of LIBs. Based on predictions and early-stage research results from
academia and industry, SIBs could reach comparable specific energy
(Wh/kg) to lithium iron phosphate (LFP) batteries (Abraham, 2020;
Rudola et al., 2021a). Therefore, SIBs are suitable for applications that
do not require high energy density, such as stationary storage and short
or medium range electric vehicles (EVs) (Rudola et al., 2023).

Several life cycle assessment (LCA) studies have evaluated the
environmental impacts of SIBs (Peters et al., 2016, 2021; Schneider
et al., 2019). Additionally, some studies have specifically focused on
anode or cathode materials of SIBs (Baumann et al., 2022; Peters et al.,
2020; Rey et al., 2022). However, there is a lack of research considering
future climate impacts of SIBs. As society undergoes a swift transition
towards decarbonization, especially in high energy-intensive sectors, it
is expected that the environmental impact of battery cells will be
reduced due to the decarbonization of these upstream production pro-
cesses. Additionally, such transition may alter or uncover environmental
hotspots. Therefore, this study aims to perform a prospective life cycle
assessment (pLCA) to explore the climate impacts of three promising
SIBs produced in 2030, 2040, and 2050, with 2020 as the base year to
compare.

2. Materials and method
2.1. Overall approach

Prospective life cycle assessment was conducted to assess future
climate impacts of three sodium-ion batteries (SIBs), and to compare

i refers to the amount of battery components and manufacturing energy
needed for producing 1 kg of battery, IS; refers to the impact scores (kg
CO2-eq) for producing each unit of battery component and energy.
Climate change impacts were computed using IPCC 2013 (100 year time
frame) GWP characterization factors. The production of the battery cells
was assumed to take place in Europe.

2.2. Life cycle inventory

2.2.1. Battery technologies

Three promising SIBs, with a technology readiness level of 9, were
considered in this study based on market and research preference:
layered oxide Naj 1(Nig.3sMngsMgo 05Tip.05)02 (NMMT), vanadium-
based polyanionic NasVy(PO4)oF3 (NVPF), and Prussian blue ana-
logues NayFeFe(CN)g (NaPBA). Companies like Faradion Limited, Tia-
mat, Altris AB, etc., are working on mass-producing the above
mentioned battery types (Rudola et al., 2021a; Tapia-Ruiz et al., 2021;
Usiskin et al., 2021). To gain a better understanding of the environ-
mental performance of SIBs, two LIBs: LFP and NMC 811 were included
for comparison. LFP battery chemistry was selected because SIBs are
expected to be used in similar applications as LFP batteries are presently
deployed (Abraham, 2020). NMC811 battery chemistry was selected
because nickel-rich layered oxide batteries are expected to be domi-
nating the future market to address the urgent demand for energy
storage (Kim et al., 2019; Wenjun et al., 2020).

To facilitate a fair comparison, all batteries were designed as the
classic 21,700 format, which features a cylindrical shape with a diam-
eter of 21 mm and a height of 70 mm (Fig.1). Instead of estimating or
collecting the percentage of battery components and specific energy
values from different literature sources, a battery dimensioning model
was established for calculating the amount of each battery material
required for studied battery chemistries as well as the corresponding
specific energy, which increases the comparability analysis among bat-
teries. The cylindrical cells were manufactured by rolling the battery
layers into a cylindrical roll. It was assumed that the thickness of the
cylindrical roll (which consists of current collectors, double-side coated
electrode, and separators) was uniform at all points, and wound through
an Archimedean spiral curve. The amount of each battery component
was calculated based on Archimedean spiral curve functions, in com-
bination with thickness of layers or mass loading of electrode active
material, physical properties of materials (e.g. density, porosity), and
inner volume of battery cell (Waldmann et al, 2020). The
above-mentioned parameters use data collected from battery literatures,
detailed equations and assumptions can be found in supplementary
materials (SM 1 and 2). The cell capacity (mAh), specific energy
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Fig. 1. Materials and energy required for cell production and their data source.
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Table 1

Composition (wt-%) of studied battery cells. HC refers to hard carbon. G refers to graphite. CMC refers to carboxymethyl cellulose. SBR refers to styrene butadiene

rubber, super C65 is a high performance conductive carbon black powder.

NMMT//HC NVPE//HC NaPBA // HC NMC811//G LFP//G

Anode Anode active material 23.2 % (HC) 19.2 % (HC) 18.8 % (HC) 20.8 % (G) 17.6 % (G)

Super C65 0.8 % 0.6 % 0.6 % 0.4 % -

CMC-SBR 1.3% 1% 1% 0.4 % 0.4 %
Cathode Cathode active material 31.8 % (NMMT) 35.5 % (NVPF) 29.3 % (NaPBA) 34.0 % (NMC811) 36.8 % (LFP)

Super C65 0.7 % 0.7 % 0.6 % 0.7 % 0.8 %

PVDF 0.7 % 0.7 % 0.6 % 0.7 % 0.8 %
Current Collector Al foil 8.6 % 7.2% 7.9 % 13.5% 3.3%

Cu foil - - - 4.1 % 11 %
Electrolyte 16.5 % (NaPFe) 17.6 % (NaPFg) 20.8 % (NaPFe) 13.5 % (LiPFe) 14.3 % (LiPFe)
Separator PE/PP 1.4 % 1.2% 1.3% 1.4 % 1.2%
Cell container Steel sheet 15.2 % 16.1 % 19 % 10.5 % 13.9 %
Total weight 56.2'g 53.1¢g 45g 64.2¢g 6l.4g

(Wh/kg), and energy density (Wh/L) of the battery cells was then
calculated based on cathode active material capacity (mAh/g), the
amount of cathode active material, average voltage of the cell, and the
total weight and volume of battery cell (Kevin et al., 2022) (detailed
calculation can be found in SM 1 and 2). As a result, NMMT and NaPBA
showed comparative specific energies as LIBs, which aligns with the
perspective given in Peters et al. (2016). Battery dimensioning model
can be found in SM 2. The battery composition results are presented in
Table 1.

2.2.2. Data sources

Fig. 1 illustrates the battery materials used in the studied batteries
and the life cycle inventory (LCI) data sources. Inventory data for ma-
terial production and emissions from latest literature and Premise
(Sacchi et al., 2022) generated prospective LCI (pLCI) databases was
used directly or with modification for battery materials. Further details
regarding the generation processes of the pLCI database can be found in
Section 2.3.

For cathode active materials, production process and emission data
for NMMT and NaPBA were extracted from previous studies (Peters
et al., 2016, 2021), while LCI data of NVPF was established using pro-
duction method described in Bianchini et al. (2014), further details can
be read in SM 1. V505, a precursor in NVPF production process, was
modeled as a by-product in primary steel production. The LCI of the steel
production process was allocated to the products based on their eco-
nomic values, a widely adopted allocation method in the ecoinvent
database. As a result, 2 wt.% V905 in the overall products accounted for

36.7 wt.% of the LCI due to its high economic value. The V205 inventory
comprised of 89 % production in China (Chen et al., 2015) and 11 %
production in South Africa (Weber et al., 2018), reflecting reorganized
market share data from USGS (2022). The production process descrip-
tion and detailed inventory can be found in SM 1 and 2.

As for anode active material, the most commonly used anode mate-
rial for SIBs: hard carbon, was used. It was modeled using petroleum
pitch as precursor due to its high carbon residue and low cost (Xie et al.,
2010). The electrolyte is 1 M solution of sodium hexafluorophosphate
(NaPFg) in a mixture solvent of ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1). NaPFg was modeled based on inventory data in
Peters et al. (2016). As sodium does not alloy with aluminum at the
anode, aluminum foil was used as the current collector for both elec-
trode. It was assumed that the separator of SIBs is identical to that of
LIBs, polyethylene/polypropylene (PE/PP) membrane was therefore
used in the study. LCI for current collector and separator was from pLCI

Table 2
Energy requirement for battery manufacturing (modified based on Yuan et al.
(2017)).

Battery manufacturing process Energy consumption

3.8 kWh/ kg electrode

Electrode mixing and coating, calendaring,
notching

Electrodes drying and solvent recycling 10.6 kWh/ kg recovered

solvent

11.2 kWh/kg electrode

4.1 kWh/kg electrode

Electrolyte filling
Dry room operation
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databases. Finally, battery casing is nickel-plated steel sheet, and the
production data was from Chordia et al. (2021). When energy con-
sumption data in material production processes not available, it was
estimated by methods presented in Piccinno et al. (2016). Detailed in-
ventory generation processes can be found in SM 1 and 2.

Energy needed for battery manufacturing was estimated based on
industrial data for manufacturing LMO-graphite battery. Inventory data
provided by Yuan et al. (2017) were reorganized and summarized as
parameters presented in Table 2. The considered manufacturing pro-
cesses comprise of electrodes manufacturing (including electrode mix-
ing and coating, calendaring, and notching), electrode drying and
solvent recycling; electrolyte filling; and dry room operation. Calcula-
tion details can be found in SM 1 and 2. This study assumed electricity to
be the only energy source in battery manufacturing processes, an
assumption made to align with the reality in giga factories (Kurland,
2020). The European electricity mixture was used. Note that both bat-
tery manufacturing processes and battery composition were assumed to
remain the same in the future years.

2.3. Scenario development

To assess the future climate impacts of studied batteries, potential
future changes in the upstream systems were considered based on two
background scenarios: SSP2-NDC and SSP2-PkBudg500. SSP2 corre-
sponds to the Shared Socioeconomic Pathway narrative 2, representing a
continuation of historical development trends in social, economy, and
technology aspects (Riahi et al., 2017). NDCs and PkBudg500 represent
two climate targets: national determined contributions and the 1.5 °C
Paris Agreement. Following SSP2-NDC and SSP2-PkBudg500 scenarios,
the increase of global mean surface temperature can be limited to 2.5 °C
and 1.5 °C by 2100 respectively. For simplicity, we refer to these as the
"2.5 °C" and "1.5 °C" scenarios in subsequent paragraphs. Another two
foreground scenarios captured possible changes in battery performance:
“Baseline performance” and “Optimal performance” scenarios. Conse-
quently, this study included four combinations of foreground and
background scenarios to explore future changes within the battery sys-
tem: 2.5 °C - Baseline performance, 1.5 °C - Baseline performance, 2.5 °C
- Optimal performance, and 1.5 °C - Optimal performance (Table 3).

Based on the narrative of these 2.5 °C and 1.5 °C scenarios, inte-
grated assessment model (IAM) REMIND was used to model potential
transformation changes in various sectors and regions (Baumstark et al.,
2021), such as future electricity source, fuel generation technologies,
improvements in production and process efficiency for energy intensive
processes and materials, the implementation of Carbon Capture and
Storage (CCS) technology, and shifts in material and energy market
share. Next, such transformation changes were used to modify corre-
sponding unit processes in ecoinvent database 3.8 using the Python
package Premise (Sacchi et al., 2022), to generate pLCI databases
(Premise: a Python package to integrate IAMs outputs with LCI data-
bases). These pLCI databases were exported in a superstructure format
(Steubing and de Koning, 2021), which was then used to model the total
greenhouse gas emission of the battery system in the Activity Browser
software (Steubing et al., 2020).

It is important to note that industry-specific electricity, such as those
used by the aluminum, cobalt, and copper industries, were assumed to
use the same production processes as current situation. Such assumption
is based on the fact that these industries primarily rely on electricity

Table 3
Scenario combinations.

Scenario names Background scenarios Battery performance scenarios

2.5 °C - Baseline SSP2-NDC Baseline performance
1.5 °C - Baseline SSP2-PkBudg500 Baseline performance
2.5 °C - Optimal SSP2-NDC Optimal performance

1.5 °C - Optimal SSP2-PkBudg500 Optimal performance
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generated by internal power plants rather than the general power grid.
In addition, fossil fuel power plants such as coal plants have a long
lifetime (typically over 50 years) (Cui et al., 2019). Hence, the private
sector would likely economically favor the continued use of existing
infrastructure until its designated end of life. Additional details
regarding the REMIND model outputs and modifications made in the
ecoinvent database can be found in Sacchi et al. (2023).

The Baseline performance scenario refers to the performance that
studied batteries could most likely achieve based on current research.
Considering the early development of SIBs and the rapid advancements
in the field (Tarascon, 2020), the battery performance may develop
faster than expected. Therefore, the best-reported or projected data from
battery studies were employed to represent the optimal battery perfor-
mance. Both battery performance scenarios remain consistent in future
years. The technical details of the studied batteries under these two
scenarios are presented in Table 4.

The cathode capacity (mAh/g) for each cathode active material in
both battery performance scenarios was collected from previous battery
studies, and detailed data source can be found in SM 2. Battery lifetime is
a parameter characterized by significant uncertainty due to factors such
as operation conditions, charging rate, and charging depth (Han et al.,
2019). In this study, we define lifetime as the number of char-
ge—discharge cycles a battery can undergo before reaching 80 % of its
initial capacity, with 80 % discharge depth (Table 4). The baseline
performance scenario assumed 4000 cycles for NMMT (Faradion, 2022)
and NMC 811 (Peters et al., 2021), 5000 cycles for NVPF (Tiamat, 2022),
and 7000 cycles for NaPBA and LFP (Peters et al., 2021) (Table 4). The
optimal battery lifetime values were derived from the best-reported or
projection values (Peters et al., 2021; Tapia-Ruiz et al., 2021; Xiao et al.,
2023; Zhao et al., 2022). Roundtrip efficiency values were based on
previous reported value (Peters et al., 2021; Tapia-Ruiz et al., 2021).
Battery voltage and depth discharge remain consistent in both scenario.

3. Results and interpretation

This section is structured as follows: Section 3.1 uncovers the climate
impact of batteries in the year 2020, Section 3.2 describes the climate
impact of batteries produced in future years (2030, 2040, 2050), and
Section 3.3 analyzes the relative contributions of battery materials and
energy flows to the overall assessment.

3.1. Climate impacts in 2020

The variation observed in the climate impact results in 2020 was
solely due to differences in battery performance scenarios (Fig. 2).
Under the Baseline performance scenarios, the three SIBs demonstrated
higher climate impacts compared to LFP (9.8 g CO»-eq/FU). However,
when compared to NMC 811 (18.9 g CO2-eq/FU), NaPBA (11.8 g CO»-
eq/FU) and NMMT (16.6 g CO»-eq/FU) displayed better performance in
climate impacts. Notably, NVPF had the highest emissions at 22 g CO»-
eq/FU. The results are in line with those from Peters et al. (2021) for
NMMT (17 g COz-eq/FU), and lower for NaPBA (16.7 g CO»-eq/FU), due
to updated cathode active material capacity data with higher value used
in this study.

The disparities in GHG emissions across the studied battery chem-
istries primarily stem from variations in battery materials used as
different material production require varying energy inputs and emit
different types of amount of emissions, as well as battery performance-
related factors, such as specific energy, cycle life, and roundtrip effi-
ciency. Battery performance factors determines the amount of battery
material required to achieve an equivalent FU (Eq. (1)). Consequently,
battery chemistries with the optimal combination of these factors
exhibit superior climate impact performance. For instance, NaPBA’s
relatively low climate impacts can be attributed to the low GHG emis-
sions associated with its battery materials, coupled with its extended
lifetime, even though its specific energy is the lowest among all
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Table 4
Technical details of studied 21,700-size battery cells under baseline and optimal scenario. HC refers to hard carbon, G refers to graphite.
Scenario NMMT/HC NVPE/HC NaPBA/ HC NMC 811 /G LFP/G
Baseline performance Voltage (V) 3.2 3.4 3 3.57 3.2
Cathode specific capacity (mAh/g) 154 120 150 200 157
Cell capacity (mAh) 2748 2268 1974 4361 3542
Specific energy (Wh/kg) 157 145 132 243 185
Volumetric energy density (Wh/L) 363 318 244 642 523
Roundtrip efficiency 94 % 93 % 93 % 91 % 94 %
Lifetime (cycles) 4000 5000 7000 4000 7000
Discharge Depth 80 % 80 % 80 % 80 % 80 %
Optimal performance Voltage (V) 3.2 3.4 3 3.57 3.2
Cathode specific capacity (mAh/g) 215 138 160 213 165
Cell capacity (mAh) 3837 2608 2106 4645 3729
Specific energy (Wh/kg) 219 232 149 258 194
Volumetric energy density (Wh/L) 506 366 261 684 551
Roundtrip efficiency 95 % 97 % 97 % 95 % 95 %
Lifetime (cycles) 8000 15,000 15,000 9000 10,500
Discharge Depth 80 % 80 % 80 % 80 % 80 %
NMMT NVPF NaPBA NMC 811 LFP
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Fig. 2. Climate impacts results of studied batteries at different years, under four scenarios. Results are expressed per kWh of energy delivered along lifetime. The
shaded blue area illustrates the disparity in climate impacts resulting from baseline and optimal performance scenarios.

investigated batteries. While the high climate impacts of NVPF can
largely be attributed to the high GHG emissions embodied in the pre-
cursor material V2Os, as well as the inferior specific energy and cycle life
of NVPF.

Applying optimal performance substantially reduced the climate
impacts of the studied batteries, resulting in reductions of 65 %, 72 %,
58 %, 60 %, and 37 % for NMMT, NVPF, NaPBA, NMC 811, and LFP,
respectively. Consequently, the three SIBs exhibited lower climate im-
pacts than LIBs under Optimal performance scenarios.

3.2. Climate impacts in 2030, 2040, 2050

The total climate impacts for each battery chemistry decreased over
time across all four scenarios (Fig. 2). It is important to note that these
reductions were primarily driven by the implementation of 1.5 °C and
2.5 °C scenarios, as battery performance was assumed to remain
consistent over time. When comparing the production of SIBs in 2050 to
that of 2020, the 2.5°C scenarios exhibited a reduction in climate im-
pacts ranging from 43 % to 54 %, while the 1.5 °C scenarios demon-
strated a slightly greater reduction of 55-57 % for studied SIB
chemistries. As a result, the GHG emissions for three SIBs (NMMT,
NVPF, NaPBA) and two LIBs (NMC 811 and LFP) at year 2050 are:
2.6-7.8 g COz-eq/FU, 2.8-12.5 g COz-eq/FU, 2.2-5.7 g COy-eq/FU,
3.3-8.9 g COz-eq/FU, 2.7-4.5 g CO2-eq/FU. This trend is consistent with
a recent study by Xu et al. (2022), although they only focused on future
climate impacts for LIBs.

These reductions in climate impacts were predominantly attributable
to decarbonization efforts within the energy sectors. The REMIND model

projected a remarkable increase in the share of renewable resources (e.
g., wind, solar, hydropower) in European electricity generation, rising
from 39 % in 2020 to approximately 97-98 % in the 2.5 °C and 1.5 °C
scenarios, respectively, by 2050. Consequently, the climate impacts of
the European electricity mixture (at medium voltage) dropped from 310
g CO2-eq/kWh in 2020 to 13.9-16.3 g CO2-eq/kWh in 2050. In addition,
the implementation of carbon capture and storage (CCS) technologies in
the industrial power and heat generation processes also plays a signifi-
cant role.

Furthermore, decarbonization strategies in the steel sector, such as
improved energy efficiency, the implementation of CCS, and increased
recycling and reusing of steel, played a significant role, particularly for
NVPF. The GHG emissions of NVPF can be primarily attributed to the
production of its precursor material VoOs, which was modeled as a co-
product in steel production. Therefore, the 1.5 °C scenarios, with more
stringent decarbonization strategies in the steel sector, lead to greater
reductions in the climate impacts of NVPF overtime. For example, CCS is
implemented in the steel sector under the 1.5 °C scenario but not in the
2.5 °C scenario. This explains the larger discrepancy in climate impact
reduction for NVPF between the 2.5 °C and 1.5 °C scenarios compared to
other battery chemistries.

3.3. Contribution analysis

Fig. 3 illustrated the contribution analysis under 2.5 °C and 1.5 °C
scenarios. Total climate impacts were divided into emissions associated
with the production of battery components (including cathode active
material, anode active material, current collectors for both electrodes,
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Fig. 3. Relative contributions to overall climate impacts from battery materials and energy use.

electrolyte, and cell container), energy used in battery manufacturing
processes, and others (e.g. binders, conductive active material, etc.).
Similar contribution results were obtained from both scenarios. It is
worth mentioning that battery performance scenarios solely affect the
overall climate impacts of batteries and do not impact the relative
contributions of material and energy flows.

Cathode active materials were clearly key contributors in all inves-
tigated batteries, accounting for a relative contribution of 24-39 % for
NMMT, 51-67 % for NVPF, 25-39 % for NaPBA, 51-64 % for NMC 811,
and 34-52 % for LFP, regardless of the production year and applied
scenarios. The relative contribution of cathode for NMMT and NaPBA is
lower than that of LIBs, while the relative contribution of NVPF is higher
than that of LIBs. The significant contribution of cathode active mate-
rials stemmed from mineral mining and processing steps (e.g., cobalt,
nickel, vanadium oxide), high-emission production processes such as
hydrogen cyanide production, and the substantial proportion of cathode
active material in the battery cell by weight (Table 1). The relatively
high contribution from cathode active material of NVPF is primarily
associated with the production of precursor material V,Os. As described
earlier, V05 is modeled as a by-product of primary steel production, a
highly energy-intensive process. The economic allocation choice results
in V205 with 2 wt.% of the overall products accounted for 36.7 % of the
emissions due to its high economic value. The relatively high contri-
bution from cathode active material in NMC 811 can be attributed to the
production of precursor materials: cobalt sulfate and nickel sulfate, both
related to cobalt production. Nickel sulfate was modeled as a co-product
in the cobalt production processes. Nickel sulfate was also a raw mate-
rial used in the production of cathode active material for NMMT, but 66
% less nickel sulfate is consumed in producing per kg of cathode active
material in NMMT compared to that used in producing per kg of cathode
active material in NMC 811.

Energy consumption during the battery manufacturing process
emerged as another notable contributor to total emissions for the three

studied SIBs at 2020, accounting for 18-32 % of total emissions. This
substantial energy consumption in battery manufacturing processes can
be primarily attributed to operations such as drying and solvent recov-
ery (NMP) of the binder, dry room operation, and electrolyte filling. The
finding is consistent with previous studies highlighting battery
manufacturing as a significant source of GHG emissions (Peters et al.,
2021; Schneider et al., 2019).

Additionally, the production of current collector (9-16 %), cell
container (7-16 %), and electrolyte (5-10 %) are other important con-
tributors to total GHG emissions of studied SIB chemistries at 2020.
These emissions arise from manufacturing processes involving produc-
ing aluminum foil (current collector), and steel (cell container material).
On the other hand, the production of the anode active material (1-3 %),
namely hard carbon, made a minor contribution to the overall climate
impacts in SIBs in 2020, despite accounting for 19-23 wt-% of the bat-
tery cell. Similar trends were also observed in Peters et al. (2021). In
contrast, the anode active material in LIBs (graphite) contributed 8-10
% to total emissions in 2020, primarily due to the higher manufacturing
temperature required for graphite than for hard carbon production.

From 2020 to 2050, significant contribution reductions from the
battery manufacturing stage can be observed, which is due to the
decarbonization in European electricity mixture. The decreased GHG
emissions from the battery manufacturing process contributed to up to
66 % of the total reduction in climate impacts of investigated batteries.
Consequently, the GHG emissions from the battery manufacturing pro-
cess account for only 2-4 % of the total impacts in both scenarios by
2050. In contrast, the relative contribution from other material flows are
likely to increase over time.

3.4. Sensitivity analysis

Notably, the choice of allocation methods can significantly influence
the climate impacts of V205 (He et al., 2020), thus affecting the total
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GHG emissions of the NVPF battery. He et al. (2020) highlighted the
influence of allocation method on the environmental impacts of V;0s,
when modeling it as a by-product of steel production. In this sensitivity
analysis, we changed the allocation method used in production of V205
and crude steel from economic allocation to mass-based allocation. The
sensitivity analysis results reveals a significant reduction of 40 % in the
total climate impacts of NVPF battery, resulting in a similar environ-
mental impacts as NaPBA (11.7 CO2-eq/FU) in 2020.

4. Discussion

This study for the first time assessed the future climate impacts of
SIBs while considering potential changes in both the foreground and
upstream aspects of the battery system. Lai et al. (2023) conducted an
LCA on various sodium battery technologies using future Chinese elec-
tricity mixtures in the battery manufacturing processes, without
considering potential future changes in the background system. This
likely explains the significant disparity in future GHG emission results,
which were up to five times higher than our findings when converted to
the same FU.

The results underscore the critical importance of optimizing battery
performance, a measure that can mitigate more climate impacts per FU
than the decarbonization of energy-intensive sectors within the up-
stream system. This aligns with prior research emphasizing the signifi-
cance of specific energy and battery lifetime in environmental impacts
(Peters et al., 2017; Schneider et al., 2019). This insight could guide
future research directions aimed at fostering the sustainable develop-
ment of batteries. For instance, the scenario results suggested that
enhancing the specific capacity (mAh/g) of the electrode active material
could reduce the climate impacts of the cell. Additionally, modifying cell
dimensions can also affect the climate impacts by influencing the spe-
cific energy of the cell.

Furthermore, the results highlight the SIBs’ potential to either
outperform or at least match LIBs in terms of climate impact, with
optimization. This speaks in favor of supporting the further development
of SIBs. Despite this potential, EU funding for SIB research has been
minimal, accounting for only 2.5 % of public funding in battery research
from 2014 to 2021 (Bielewski et al., 2022). SIBs offer a cost-effective
alternative for stationary and vehicle applications, especially in devel-
oping regions and sectors prioritizing affordability, such as buses and
trucks. Notably, over 50 % of truck consumers rely on leasing or loans
for their purchases (IEA, 2023). Therefore, increased investment in SIB
research holds the key to increasing its market penetration significantly
and enhancing its climate impact performance.

Increasing the share of renewable energy in the power grid and steel
industries and implementing CCS are also important for reducing GHG
emissions in battery production. Achieving this requires concerted ef-
forts not only from battery manufacturers but also from industries
involved in the entire battery production chain, including electricity,
heat and power, steel, and others. Future battery or battery component
factories could consider locating near clean energy sources like hydro-
power, wind, or solar energy to further mitigate emissions.

An advantage of SIBs is their reduced reliance on critical materials
such as cobalt and lithium, which were not assessed in this study. We
conducted rough calculation based on scenarios presented in Xu et al.
(2020) and the Electric Vehicles (EVs) development trend outlined in
[EA (2023). Assuming 100 % market penetration of EVs by 2050 and a
60 % market share of LFP chemistry in EVs between 2030 and 2050, if
SIBs could replace LFP entirely, the lithium demand could be reduced as
much as 16.4 Mt by 2050. This equals to more than 50 % of current
low-cost lithium resources (Greim et al., 2020). However, it is important
to note that substituting LIBs with SIBs may increase demand for other
materials like nickel, manganese, and vanadium.

There are other perspectives that have not been considered in this
study. First, our focus was solely on climate impacts. This is because
current scenarios and IAMs have detailed representations of narratives
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and sectors relevant to climate impacts, but do not have a specific focus
on other environmental impact categories (Steubing et al., 2023). Future
research should extend its scope to consider other environmental impact
categories for a more comprehensive understanding and to avoid po-
tential environmental burden shifting. To achieve this, a more
comprehensive pLCI database need to be developed by including the
future changes in sectors and environmental interventions related to
other impact categories in IAMs (Steubing et al., 2023). Second, this
study assessed battery chemistries at the cell level. In various applica-
tions, batteries are often used in modules and packs, with additional
components like battery management systems and packages. According
to Peters and Weil (2018), the average climate impacts for these addi-
tional battery components are approximately 2.2 kgCO5-eq/kg battery.
This suggests that the climate impacts of batteries at the module /pack
are likely to favor battery chemistries with an optimal combination of
performance (e.g. higher specific energy, longer cycle life). This is due to
the correlation between higher performance and the need for fewer
batteries, thereby resulting in lower greenhouse gas emissions. The
environmental performance at module/pack level also depends on the
specific design considerations, which could be explored in the future
research. Third, we did not consider advancements in battery
manufacturing method, which could lead to more efficient processes.
However, our results indicate a relatively minor contribution from
battery manufacturing processes when clean electricity is used. More-
over, end-of-life (EoL) stage of SIBs was not considered, as the primary
focus was on battery production. EoL options, such as repurposing
batteries for other applications or recycling raw materials, could miti-
gate environmental impacts over the battery’s lifetime. While repur-
posing may not affect the relative environmental performance order
among studied batteries, recycling battery raw materials may favor
battery chemistries using minerals with high GHG emissions, such as
NVPF and NMC 811. However, the economic viability of recycling SIBs
remains uncertain due to their lower economic value compared to LIBs.
What’s more, this study used fossil-based precursors for hard carbon
(anode active material) in the model due to its low cost and high carbon
residue. While extensive research has explored the use of biomass as a
precursor to produce hard carbon, previous studies have highlighted
that SIBs with biomass-based hard carbon anode generally show higher
climate impacts compared to fossil-based alternatives (Peters et al.,
2019). Among various organic precursors, organic waste like apple
pomace demonstrates favorable climate impact performance (Peters
etal., 2019). However, addressing the challenge of ensuring consistency
in organic flow and content is crucial to secure a robust supply chain.
Last but not least, the rapid development of other promising battery
technologies, like all-solid-state sodium ion batteries, requires future
studies to assess their environmental performance, which falls outside
the scope of this study.

5. Conclusion

Based on the functional unit of 1 kWh of energy delivered over
lifetime, the results show that sodium-ion batteries (SIBs) have the po-
tential to perform equal or better in climate impacts than lithium-ion
batteries. Achieving this potential requires efforts and increased in-
vestment in SIBs research and development by battery researchers. The
climate impacts of SIBs exhibited a reduction of 43-57 % by 2050
compared to their 2020 levels. This reduction is primarily attributed to
the increasing penetration of renewable energy sources in the grid
electricity mix and substantial decarbonization efforts undertaken
within the steel sector. The relative contribution of battery
manufacturing processes to the total emission decrease significantly
over time, while the relative contribution of cathode active material
increase over time. Existing battery industries can prioritize the use of
clean energy sources for manufacturing batteries to mitigate their
climate impacts. Future battery facilities may consider strategic loca-
tions close to regions where clean energy is abundantly produced.
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Moreover, sensitivity analyses underscore the impact of allocation
methods used in precursor material of the NVPF’s cathode active ma-
terial on results.
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