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Abstract

Batteries are enablers for reducing fossil-fuel dependency and climate-change

impacts. In this study, a prospective life cycle assessment (LCA) of large-scale produc-

tion of two different sodium-ion battery (SIB) cells is performed with a cradle-to-gate

systemboundary. The SIB cellsmodeledhavePrussianwhite cathodes andhard carbon

anodes based only on abundant elements and thus constitute potentially preferable

options to current lithium-ion battery (LIB) cells from amineral resource scarcity point

of view. The functional unit was 1 kWh theoretical electricity storage capacity, and

the specific energy density of the cells was 160 Wh/kg. Data for the cathode active

material come from a large-scale facility under construction and data for the SIB cell

production is based on a large-scale LIB cell gigafactory. For other SIB cell materials,

prospective inventory data was obtained from a generic eight-step procedure devel-

oped, which can be used by other LCA practitioners. The results show that both SIB

cells indeed have considerably lower mineral resource scarcity impacts than nickel-

manganese-cobalt (NMC)-type LIB cells in a cradle-to-gate perspective, while their

global warming impacts are on par. Main recommendations to SIB manufacturers are

to source fossil-free electricity for cell production and use hard carbon anodes based

on lignin instead of phenolic resin. Additionally, since none of the assessed electrolytes

had clearly lower cradle-to-gate impacts than any other, more research into SIB elec-

trolyte materials with low environmental and resource impacts should be prioritized.

An improvement of the SIB cell production model would be to obtain large-scale

production data specific to SIB cells.
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2 WICKERTS ET AL.

1 INTRODUCTION

Batteries are enablers for reducing society’s fossil-fuel dependency and climate-change impacts by replacing fossil fuel with battery-electric vehi-

cles powered by fossil-free electricity, such as solar and wind power (Knobloch et al., 2020). Furthermore, a steady supply of such power can be

ensured by stationary energy storage in batteries (Larcher & Tarascon, 2015). To fulfill the projected demand for batteries, the total battery pro-

duction needs to increase by a factor of 14 between 2018 and 2030 (from180 to 2600GWh), preferably alongside improvements in environmental

sustainability (Edström et al., 2020). The currently dominating rechargeable battery technology is lithium-ion batteries (LIBs), which have sustain-

ability issues related to cell production and raw material extraction. The former is energy intensive, but the impacts from cell production can be

greatly reduced given large-scale production based on fossil-free energy (Chordia et al., 2021). The issues of extraction then remain.With the pro-

jected increase in demand for LIBs, lithium availabilitymight constitute a future bottleneck for their production (Ambrose &Kendall, 2020). Similar

concerns exist for cobalt and nickel, which are important materials in some LIBs (Fu et al., 2020; Xu et al., 2020). Cobalt has also been connected

to negative social impacts, such as poor working conditions in small-scale Congolese mining (Sovacool, 2019). Several LIB materials are considered

critical in terms of high supply risks and economic importance for the European Union, such as lithium, cobalt, and natural graphite (Blengini et al.,

2020). This criticality probably applies to other parts of the world as well.

Because of these sustainability issues, several next-generation battery technologies are under development. One example is sodium-ion batter-

ies (SIBs), which in terms of specific energy density are currently inferior to LIBs, but have other advantages; sodium is about 1000 times more

abundant than lithium in Earth’s crust (Rudnick & Gao, 2014), and less concentrated to certain regions (Usiskin et al., 2021). SIBs can make use of

the LIB development since similar production processes and facilities can be utilized, making the scale-up of SIB production potentially swift (Xie

et al., 2020). Yet, the life cycle environmental and resource impacts of SIBs need to be thoroughly evaluated to identify hotspots and trade-offs.

Several previous life cycle assessments (LCAs) of SIBs and their components have been conducted, none of which covers the exact same

cells as this study. Peters et al. (2016) assessed an SIB pack with cylindrical cells (128 Wh/kg at cell level), containing a layered oxide cathode

(Na1.1(Ni0.3Mn0.5Mg0.05Ti0.05)O2), a hard carbon anode, and a sodium hexafluorophosphate (NaPF6)-based organic electrolyte. Several hard car-

bon precursors were assessed: sugar, starch, cellulose, organic waste, and petroleum coke. Jasper et al. (2022) assessed the life cycle impacts

of a battery home storage system powered by the SIB considered by Peters et al. (2016), using data from that study. Peters et al. (2021)

evaluated prismatic SIB cells with a hard carbon anode from petroleum coke, an NaPF6-based organic electrolyte, and five different cathode

materials with different specific energy densities: Na1.1(Ni0.3Mn0.5Mg0.05Ti0.05)O2 with 172 Wh/kg, Na2/3(Mn0.95Mg0.05)O2 with 157 Wh/kg,

Na1.05(Ni0.33Mn0.33Co0.33)0.95O2 with 136 Wh/kg, Na2Fe(Fe(CN)6) with 124 Wh/kg, and Na4MnV(PO4)3 with 153 Wh/kg. In a Ph.D. thesis by

Wellings (2021), anSIBpackwith apouch cell (specific energyat133Wh/kg)was assessed,which containedametal oxide cathode, a graphite anode,

and a NaPF6-based organic electrolyte. Carvalho et al. (2022) assessed a coin SIB cell with an Na0.44MnO2 cathode and an MXene (Ti1Al1TiC1.85)

anode. They considered a laboratory-scale production scenario with 0.126 Wh/kg specific energy at cell level, and a hypothetical industrial-scale

scenario with 0.429Wh/kg. Schneider et al. (2019) assessed an SIB cell (ca. 100−150Wh/kg depending on scenario) with a hard carbon anode, an

NaNi1/3Co1/3Mn1/3O2 cathode, and anNaPF6-based organic electrolyte. These studies cover a range of different SIB cells, but none of them relied

on data frommanufacturers and only one (Peters et al., 2021) performed a detailed assessment of mineral resource scarcity.

Turning to LCA studies of SIB components, Peters et al. (2019) compared several feedstocks for hard carbon intended for SIBs: waste apple

pomace, waste tires, and synthetic resin. Similarly, Liu et al. (2021) assessed hard carbons for SIBs, with biomass as feedstock to two production

routes: direct pyrolysis, and hydrothermal carbonization followed by pyrolysis. Malara et al. (2021) assessed another SIB anode material, namely

electrospun iron oxide-based fibers. Rey et al. (2022) conducted an LCA of a Na3V2(PO4)3 cathode material intended for SIBs, and Mozaffarpour

et al. (2022) assessed the SIB cathode material Na3MnCO3PO4 produced by ball milling, a hydrothermal method, or a stirring-assisted hydrother-

mal method. Baumann et al. (2022) conducted a screening LCA of 42 SIB cathode materials, considering climate-change impacts of precursor

materials and energy requirements during production. Hofmann et al. (2022) presented LCA results for a range of propylene carbonate-based

liquid electrolytes intended for SIBs. Finally, Trotta et al. (2022) assessed a glucose-based hard carbon anode for SIBs. These studies cover many

important SIB components, but again none of them relied on data from manufacturers and only two studies (Peters et al., 2019; Rey et al., 2022)

performed significant analyses of mineral resource scarcity.

In contrast to previous LCA studies on SIBs and SIB components, this study assesses large-scale production of SIB cells based onmanufacturing

data representing large-scale cathode active material production and large-scale LIB cell production adapted to SIB cells. In contrast to most pre-

vious LCA studies on SIBs and SIB components, this study also has a strong focus onmineral resource scarcity. Two SIB cells developed explicitly to

contain elements abundant in the Earth’s crust (⪞1%), atmosphere, or biosphere are assessed. Both have Prussian white (Na2Fe2(CN)6) cathodes,

hard carbon anodes, and organic electrolytes with sodium salts. Themetallic elements (iron, sodium, and aluminum) are extracted in large amounts

annually compared to other battery materials, resulting in low supply risk (Vaalma et al., 2018). One of the cells also contains more bio-based and

fluorine-freematerials. The rationale for this is to reduce the dependency on fossil resources (Vanholme et al., 2013) and to avoid (eco)toxic effects

of fluorinated materials, including fluorinated polymers such as polyvinylidene fluoride (PVdF) (Lohmann et al., 2020), which is commonly used as

bindermaterial in battery cells (Zou&Manthiram, 2020). It can thus be hypothesized that these SIB cells have lowmineral resource scarcity impacts
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WICKERTS ET AL. 3

in a life cycle perspective. However, is this true and do the SIB cells also have comparatively low environmental impacts? To partially answer these

questions, the aims of this study are to (i) conduct a cradle-to-gate LCA to identify hotspots for further improvements of the SIB cells based on

manufacturer data for cell and cathode activematerial production, and (ii) benchmark against cradle-to-gate impacts of other SIB and LIB cells.

2 METHODS

SIBs constitute an emerging technology, that is, a radically novel, fast-growing technology with potentially prominent impacts, surrounded by con-

siderable uncertainty (Rotolo et al., 2015). According to the scales for technology andmanufacturing readiness levels (TRLs andMRLs, respectively)

in van der Hulst et al. (2020), SIBs are currently at approximately TRL/MRL = 7–8, corresponding to pilot-scale production. In this study, the two

SIB cells were assessed in a prospective LCAwhere theyweremodeled at a future point in timewhen they have reached technological maturity and

large-scale production (TRL= 9 andMRL= 10), as described byArvidsson et al. (2018). Considering the recent interest in SIBs, reaching such levels

during 2025−2030 does not seem unlikely.

A cradle-to-gate system boundary was considered, covering raw material extraction and battery production up until the cells leave the man-

ufacturing facility (Figure 1). This system boundary was chosen since large uncertainties exist regarding the future use and end of life of SIBs.

Manufacturers of SIB cells and components are an important intended audience of this study, in addition to battery researchers and LCA practi-

tioners assessing batteries as such or in various applications. The foreground system therefore consisted of the production of the cathode active

material, cathode, anode, electrolyte, cell assembly, and cell formation, all for which data was obtained frommanufacturers, either directly through

this study or through a previous LCA byChordia et al. (2021). A global geographical system boundarywas considered, meaning that global averages

were generally applied for material and energy production. A functional unit of 1 kWh of theoretical storage capacity was chosen, which quantifies

the main function of a rechargeable battery, namely to store energy (Porzio & Scown, 2021), and is common in cradle-to-gate LCAs of batteries;

see, for example, Dai et al. (2019) and Chordia et al. (2021). Considering the aims of the study, an attributional or process-based perspective to

the inventory modeling was adopted, meaning that environmentally relevant linear physical flows to and from the product system are quantified

(Finnveden et al., 2009; Yang, 2019). Calculations were performed in the software OpenLCA (GreenDelta, version 1.10.3).

Two approaches to allocate impacts between co-products were applied: physical (mass-based) allocation and an approach where all impacts are

allocated to the main product (i.e., the product assessed and its precursors), sometimes called the main-product-bears-all-burden approach (Her-

mansson et al., 2020).Mass allocation is a common approach and can be seen as a base scenario, while themain-product-bears-all-burden approach

is less common and constitutes a worst-case scenario for the studied product (Guinée et al., 2021). The latter also represents a possible future

where constituents and precursors of the SIB cells are considered the absolutely most important co-products of their production processes, thus

carrying the vast majority of the impacts. Following Sander-Titgemeyer et al. (2023), economic allocation was not applied due to the challenges of

estimating future prices. Substitution is another option for handlingmultifunctionality, butwas not applied in this study since it has been associated

with consequential LCA by several scholars, for example, Schaubroeck et al. (2021) and Ekvall (2019), whereas this is an attributional LCA.

Although the end-of-life stage was not included in this cradle-to-gate study, the cutoff approach was applied for recycled materials in upstream

production processes, meaning that recycledmaterials are only responsible for impacts during recycling processes (Ekvall & Tillman, 1997).

Section 2.1 describes the two cells assessed. Sections 2.2 and 2.3 describe the prospective foreground and background system modeling,

respectively. Section 2.4 describes the life cycle impact assessment (LCIA) methods applied.

2.1 Sodium-ion battery cells assessed

Information about the two SIB cells considered was obtained from a collaboration with an SIB cell manufacturer (Table 1). The two cells are here

named “Cell 1” and “Cell 2,” the latter being the cell with a higher share of bio-based and fluorine-freematerials. Both are pouch cellswith a capacity

of 5 Ah and a theoretical specific energy density of 160Wh/kg.

The anode active material is hard carbon, which is among the best-performing materials for SIB anodes (Xie et al., 2020). Phenolic resin is the

raw material in Cell 1 and lignin from softwood is the raw material in the more bio-based Cell 2. Phenolic resin is of fossil origin, while lignin is

bio-based and the second most abundant polymer in the biosphere (Dessbesell et al., 2020). Prussian white, which is a manufactured material that

contains only geochemically abundant elements, is the cathode activematerial in both cells and is recognized as promising for SIBs (Tapia-Ruiz et al.,

2021). A binder is present in both the anode and cathode: PVdF in Cell 1, and a mixture of carboxy-methyl cellulose (CMC) and styrene-butadiene

rubber (SBR) in Cell 2. Cellulose is themost abundant polymer in the biosphere (Dessbesell et al., 2020), whereas the SBR ismainlymade from fossil

materials.

In Cell 1, the electrolyte isNaPF6 in ethylene carbonate and diethyl carbonate solvents, which is a common electrolyte option for SIBs (Ponrouch

et al., 2015). However, if coming into contact with water, NaPF6 can degrade to form corrosive and toxic hydrogen fluoride, leading to electrolyte

degradation and safety concerns (Barnes et al., 2020). As an alternative, sodium bis(oxalato)borate (NaBOB) in triethyl phosphate is the electrolyte
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4 WICKERTS ET AL.

F IGURE 1 Flowchart andmain data sources for the sodium-ion battery cells studied: (a) Cell 1 and (b) Cell 2. C-65, carbon black powder; CMC,
carboxy-methyl cellulose; NaBOB, sodium bis(oxalato)borate; NaPF6, sodium hexafluorophosphate; PVdF, polyvinylidene fluoride; SBR,
styrene-butadiene rubber.
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WICKERTS ET AL. 5

TABLE 1 Compositions of the two sodium-ion battery cells.

Cell materials (wt%) Cell 1 Cell 2

Anode activematerial (20%) Hard carbonmade from phenolic resin Hard carbonmade from lignin

Cathode activematerial (33%) Prussian white

Conductive additive C65 (1%) Carbon

Binder (2%) PVdF CMC and SBR

Electrolyte (27%) NaPF6 (1M) in ethylene carbonate and

diethyl carbonate (1:1)

NaBOB (0.4M) in triethyl phosphate

Separator (4%) Polyolefin based Cellulose based

Current collectors (7%) Aluminum foil

Pouch and tabs (6%) Aluminum and plastic

Abbreviations: C65, carbon black powder; CMC, carboxy-methyl cellulose; NaBOB, sodium bis(oxalato)borate; NaPF6, sodium hexafluorophosphate; PVdF,

polyvinylidene fluoride; SBR, styrene-butadiene rubber.

in Cell 2. NaBOB shows promising results regarding toxicity and flammability (Tapia-Ruiz et al., 2021), but contains the geochemically rare boron.

Polyolefin-based separators are commonly used in battery cells (Luo et al., 2021), including Cell 1. In Cell 2, the separator is instead made from

abundant cellulose, which has been shown to have promising properties (Luo et al., 2021).

2.2 Prospective LCI modeling of the foreground system

The foreground system consists of the cell and cathode active material production, which were modeled based on large-scale production facilities

currently under construction. The cell production was assumed to take place in a large-scale gigafactory like that modeled in Chordia et al. (2021),

with a capacity of 16 GWh/year. While this model was originally developed for an NMC811 LIB cell, it is considered relevant since SIB production

requires similar equipment and LIB facilities will be able to switch to producing SIBs (Tapia-Ruiz et al., 2021; Usiskin et al., 2021). The model was

adapted for the SIB cells, for example, by changing to SIB-specific inputs. In cell production, the anode, cathode, and electrolyte are produced and

assembled into a cell by stacking the anodes and cathodes on top of each otherwith a separator in between. Subsequently, the stacked components

are sealed in a pouch, which is injected with electrolyte. The cells then undergo formation, meaning that they are charged and discharged several

times to create a protective layer between the anode and the electrolyte.

For the cathode active material Prussian white, data was obtained from a manufacturer. The production takes place by decomposing sodium

ferrocyanide using sulfuric acid, followed by sodium enrichment by sodium sulfite (Brant et al., 2018). Hydrogen cyanide is also produced in the

process, which is reacted with sodium hydroxide and iron sulfate to produce more sodium ferrocyanide precursor that is cycled back to the main

reactor. The co-product sodium sulfate is also produced, which is accounted for in themass-based allocation.

The electricity supply to the cell assembly and the cathode activematerial productionwill vary in the future andwill also depend on the available

supplywhere these processes take place.Most electricitymixeswill likely see reduced carbon intensities in the future due to the ongoing transition

of the energy system to mitigate climate impacts (IEA, 2022). In addition to this, sourcing of “green” electricity through tariffs is an option already

today. For these reasons, twowhat-if scenarios (Börjesson et al., 2006) were considered for electricity supply to the foreground system. This first is

a moderate scenario based on a mixture of energy sources with a medium-emission intensity (from a 2023 perspective), modeled with the current

average electricity mix in the EU as proxy (ca. 400 g CO2 eq/kWh). The second is an optimistic scenario based on renewable, flow-type energy

sources with low-emission intensity, modeled with pure wind power as proxy (ca. 20 g CO2 eq/kWh).

Details about the modeling of the foreground system can be found in Supporting information S1, including unit-process data for the anode

production, cathode production, Prussian white production, electrolyte production, cell assembly, and cell formation.

2.3 LCI modeling of the background system

Several products in the background system havemature production processes, for example, sodium hydroxide. For these, production was assumed

to remain the same when SIB cells are produced at large scale considering the relatively near-future time horizon of the study (2025–2030). They

were therefore modeled as described in the Ecoinvent database (version 3.8) or in previous LCA studies. Since the aluminum current collectors are

similar to those of LIB cathodes, their production was modeled as in a previous LCA of LIB cells (Chordia et al., 2021), where the aluminum input

was modeled as primary metal only due to high material quality requirements. Data for the SBR production was also obtained from Chordia et al.
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6 WICKERTS ET AL.

(2021). Pouch and aluminum tabs are also similar to those of current LIB cells, thus their production data was obtained from a previous LCA of LIBs

(Ellingsen et al., 2014), with the aluminummodeled as primary for these two components aswell. ForNaPF6, datawas obtained fromaprevious LCA

of an SIB cell (Peters et al., 2016), which in turn is a modified Ecoinvent dataset for the production of the corresponding lithium salt (LiPF6). Data

for the CMC binder and the polyolefin-based separator was obtained from Ecoinvent, and the PVdF binder was approximated using the Ecoinvent

process for the similar fluoropolymer polyvinylfluoride.

For modeling the production of materials with immature production processes in the background system, an eight-step procedure based on

Piccinno et al. (2016) and Arvidsson et al. (2019) was developed. Piccinno et al. (2016) provided a framework for upscaling process steps, but no

detailed guidance on stepwise implementation in unit-process modeling. Arvidsson et al. (2019) provided a stepwise procedure for unit-process

modeling of emerging chemicals, but no detailed guidance on calculations in each step. These two approaches are combined. In step (i), a plausible

synthesis for the material is identified from experimental articles and patents. In step (ii), a process flowchart is drawn based on the synthesis

description. In step (iii), the equipment likely to be applied in scaled-up variants of the processes in the flowchart is identified. In step (iv), reactant

inputs are calculated based on data provided in the synthesis descriptions—in cases of insufficient data, stoichiometric calculations are performed,

and the result is modified using yields. If no specific yield is identified, a default yield of 95% is applied, following Wernet et al. (2012). In step (v),

inputs of solvents and other auxiliary inputs are estimated. Since a reduction in solvent use can be expected after upscaling,−20%as recommended

by Piccinno et al. (2016) was applied. As the remaining solvent can be recirculated in upscaled processes, a recirculation rate of 68% provided by

Capello et al. (2005)was applied for organic solvents. In step (vi), co-product amounts areobtained fromthe synthesis descriptionsor stoichiometric

calculations, and waste amounts are calculated by mass balances. In step (vii), emissions are calculated. Process emissions are rarely reported in

synthesis descriptions and are difficult to estimate since they are process and reaction specific (Piccinno et al., 2016). In this study, only emissions of

gaseous substances formed in reactions were considered and assumed to be released to air. In step (viii), energy requirements of the process steps

and equipment identified in steps (ii) and (iii) are calculated using equations provided byPiccinno et al. (2016). The steps are summarized in Figure 2.

This stepwise procedure was applied to input materials not yet produced at large scale. The synthesis of hard carbon was modeled based on a

process simulation of biomass pyrolysis by Liu (2022). For this pyrolysis process, different hard carbon yields have been reported,whichwas consid-

ered in a sensitivity analysis. Data for the production of the phenolic resin precursor is available in Ecoinvent, while data for the lignin precursorwas

obtained from a previous LCA by Culbertson et al. (2016). The production of NaBOB was modeled based on Shiyou et al. (2019) and Zavalij et al.

(2003), involving reactions between boric acid, oxalic acid, and sodium hydroxide, as well as purification with acetonitrile. The diethyl carbonate

production wasmodeled based onHuiquan et al. (2015) andWang et al. (2014); ethylene oxide, ethanol, and carbon dioxide react over a potassium

iodide catalyst. The triethyl phosphate production was modeled based on Xiaoming et al. (2013), in which phosphorus trichloride is reacted with

ethanol, ammonia, and oxygen. The cellulose-based separator production was modeled based on Du et al. (2019), in which cellulose is cross-linked

with epichlorohydrin in an alkaline solvent. The sodium hexaferrocyanide production was modeled based on information from the cathode active

material manufacturer andWiedeman et al. (1972), involving reaction between hydrogen cyanide, sodium hydroxide, and iron sulfate.

Detailedmodeling of all materials with immature production processes in the background system can be found in Supporting Information S1.

2.4 Life cycle impact assessment

The following impact categories from ReCiPe 2016 were assessed with a hierarchist value perspective: global warming, fossil resource scarcity,

mineral resource scarcity, terrestrial acidification, freshwater eutrophication, ozone formation, fine particulate matter formation, stratospheric

ozone depletion, and water consumption (Huijbregts et al., 2016). The three first-mentioned impact categories were considered particularly rele-

vant, and their results are therefore presented in the main article, while the others are presented in Supporting Information S1. Global warming is

an urgent environmental issue (IPCC, 2021) and is often recommended for inclusion in LCA of batteries (Zackrisson, 2021). Fossil resource scarcity

was selected to investigate whether the more bio-based Cell 2 requires less fossil resources than Cell 1 from a cradle-to-gate perspective, since

there might be upstream fossil resource use not visible from the cell compositions. Mineral resource scarcity is also frequently recommended for

inclusion in LCAof batteries (Zackrisson, 2021) andwas selected to investigatewhether the high content of geochemically and otherwise abundant

materials in the studiedSIB cells gives lowmineral resource scarcity in a cradle-to-gate perspective. The surplus orepotential (SOP) indicator is used

to assessmineral resource scarcity in ReCiPe 2016 (Huijbregts et al., 2016), and considers the additional ore required to obtain the same amount of

resource in the future (Vieira et al., 2017). Note that the SOP indicator does not provide characterization factors for every elementary flow related

to the cells, such as the sodium in the Prussian white and the fossil rawmaterials used to produce Cell 1′s hard carbon anode. The hierarchist value
perspective is selected since it is an often-employed middle-ground scenario reflecting a level of evidence considered acceptable by international

bodies. However, for all indicators from ReCiPe 2016, the sensitivity to the other two value perspectives (individualist and egalitarian) was also

assessed.

In addition, since mineral resource scarcity can be assessed from several perspectives (Sonderegger et al., 2020), we included a complementary

indicatorwith an explicit long-term perspective, which is considered particularly relevant in a prospective study: the crustal scarcity indicator (CSI),

which considers the concentration of elements in Earth’s crust as a proxy for their future scarcity (Arvidsson, Söderman et al., 2020).
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WICKERTS ET AL. 7

F IGURE 2 Eight-step procedure for deriving prospective unit-process inventory data for materials with immature production processes in the
background system.
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8 WICKERTS ET AL.

F IGURE 3 Cradle-to-gate results for Cells 1 and 2 regarding (a) global warming, (b) fossil energy scarcity, (c) the surplus ore potential indicator,
and (d) the crustal scarcity indicator. Scenarios consider variations in electricity mix in the foreground system (EUmix or wind power) and
allocationmethod (mass, mass allocation orMPBAB, main product bears all burden). The data used to create the figure is provided in Supporting
Information S1.

3 RESULTS AND DISCUSSION

Figure 3 shows cradle-to-gate results for Cells 1 and 2 with different electricity supplies to the foreground system (EU mix or wind power) and

different allocation approaches (mass allocation or main product bears all burden). There is no single dominant hotspot, but several parts of the

product system contribute notably to most impact categories: anode active material production (hard carbon), cathode active material production

(Prussian white), the gigafactory, electrolyte production, and current collector production. Other parts of the product system contribute negligibly

to most impact categories: binder and conductive additive production, tabs production, separator production, and pouch production. This applies

also to most impact categories not shown in Figure 3, see Supporting Information S1. Consequently, the difference in binder and separator com-

position matters little for the difference in cradle-to-gate impacts between Cell 1 and Cell 2. A more detailed comparison of impacts from the two

separators can be found in Supporting Information S1.

In Section 3.1, cradle-to-gate results for global warming and fossil energy scarcity are discussed in more detail, with a focus on the main con-

tributors noted above. In Section 3.2, cradle-to-gate results for the SOP and the CSI are similarly discussed. Numerical results for all included

impact categories and sensitivity analysis results are presented in Supporting Information S1, along with result graphs showing elementary flow

contributions.

3.1 Global warming and fossil resource scarcity

The gigafactory is an important contributor to global warming and fossil resource scarcity (Figure 3a,b), mainly through high electricity use. There-

fore, changing to a fossil-free electricity supply, such as wind power, notably reduces global warming and fossil resource scarcity. This applies to

all scenarios and is in line with previous research on large-scale production of LIBs (Chordia et al., 2021). The global warming and fossil resource

scarcity results are similar for Cell 1 and Cell 2, despite the differences in composition. With mass-based allocation, the lignin-based hard carbon

anode in Cell 2 has lower global warming and fossil resource scarcity compared to the phenolic resin-based hard carbon anode in Cell 1. This could

become even lower by avoiding fossil inputs upstream. The only direct fossil input to the pulp mill in the dataset used for lignin production was

natural gas heat to the lime kiln (Culbertson et al., 2016), which might be replaced by a fossil-free heat source. The contributions from the elec-

trolytes in Cell 1 and Cell 2, however, are approximately equal. Thus, the ambition to avoid the fluorine-containing NaPF6 does not seem to lead

to notable reductions in global warming and fossil energy scarcity in a cradle-to-gate perspective. The contribution from diethyl carbonate comes

mainly from the production, distillation, and waste treatment of the ethanol input, which might be possible to optimize further. The contribution

fromNaBOB comes mainly from the production and distillation of acetonitrile as well as the production of oxalic acid. Optimizing the input of ace-

tonitrile solventmight thus reduce this contribution. For triethyl phosphate, the contribution comesmainly from the primary reactants: phosphorus
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WICKERTS ET AL. 9

chloride, ethanol, and ammonia. NaPF6 and ethylene carbonate have onlyminor contributions. Amore detailed comparison of impacts from the two

electrolytes can be found in Supporting Information S1.

The differences in results between mass allocation and the main-product-bears-all-burden approach show that two materials are sensitive to

allocation: hard carbon and Prussianwhite. For hard carbon, there is an allocation point in the pyrolysis between hard carbon and pyrolysis oil, with

a mass ratio of 1:2.5 (Liu, 2022). In addition, for the lignin-based hard carbon, there is a prior allocation point in the kraft pulp mill between lignin,

kraft pulp, and soap consisting of fatty acids, with a mass ratio of approximately 4:35:1 (Culbertson et al., 2016). This means that with mass-based

allocation, most of the impacts from hard carbon production are allocated to the pyrolysis oil and kraft pulp. In the main-product-bears-all-burden

scenarios, hard carbon is the main product and bears all burden of the pyrolysis and pulp mill, so the contribution of the lignin-based hard carbon

becomes notably higher. In these scenarios, the lignin-based and phenolic resin-based hard carbons have contributions of similar magnitude, with

the impacts of the lignin-based hard carbon comingmainly from sodium chlorate, wood chips, and natural gas used in the pulp mill. A more detailed

comparison of impacts between the two hard carbons can be found in Supporting Information S1.

In the Prussian white production, the two co-products are Prussian white and sodium sulfate. With mass allocation, these products receive

approximately equal shares of upstream impacts. With the main-product-bears-all-burden approach, the contribution of Prussian white increases

notably. In 2023, sodium sulfate could be bought online at prices around 0.1€/kg, while the future price of Prussian white is expected to be notably
higher. Economic allocation would thus probably give results similar to those of the main-product-bears-all-burden approach. The impacts of

Prussian white comemainly from the hydrogen cyanide and sodium hydroxide inputs, regardless of the allocation approach.

3.2 Mineral resource scarcity

For the SOP indicator (Figure 3c), a shift from the EU mix to wind power in the foreground system has negligible influence since this indicator

does not include the carbonaceous raw materials required for, for example, coal power. Cells 1 and 2 get similar SOP results, but the two alloca-

tion approaches give notably different results. The hard carbon and Prussian white both get higher SOP with the main-product-bears-all-burden

approach, as discussed in Section 3.1. In addition, the SOPof the electrolyte components diethyl carbonate and triethyl phosphate increase notably

with themain-product-bears-all-burden approach as they otherwise share burdenswith their co-products ethylene glycol and ammonium chloride,

respectively. The SOP of Prussian white comes mainly from metals (copper, nickel, and molybdenum) deriving from sulfuric acid, sodium hydrox-

ide, and iron sulfate production. For triethyl phosphate, phosphorus extracted for the phosphorus trichloride production contributes the most. For

diethyl carbonate, iodine in the potassium iodide catalyst contributes the most. The SOP of the aluminum current collectors is—unsurprisingly—

dominated by aluminum. The electrolyte salt NaPF6 also contributes notably to the SOP of Cell 1, mainly due to the phosphorus used for producing

the phosphorus pentachloride precursor.

The main contributors to the SOP of the SIB cells are aluminum for the current collectors and tabs, as well as gallium, which is extracted from

the same ore as the aluminum as a co-product, and its resource impact is fully allocated to the aluminum in the Ecoinvent dataset for aluminum

production. In addition, the iodine for the potassium iodide catalyst in diethyl carbonate production contributes notably for Cell 1, and phosphorus

for the triethyl phosphate production contributes notably for Cell 2. All these elements except gallium have relatively low SOP characterization

factors (Huijbregts et al., 2016), but the comparatively large amounts usedmake them important contributors.

The CSI follows a similar pattern as the global warming and fossil resource scarcity (Figure 3d)—wind power andmass allocation reduce impacts,

while Cells 1 and 2 get similar results since the two electrolytes have roughly similar impacts. The main contributors to the CSI are the energy use

of the gigafactory, the Prussian white production, hard carbon (for the main-product-bears-all-burden approach), NaPF6 (for Cell 1), NaBOB (for

Cell 2), and triethyl phosphate (for Cell 2). For the gigafactory energy use, the largest contributor is coal for coal power with the EU mix, which

disappears in the wind power scenarios. For Prussian white, sodium chloride extracted for sodium hydroxide is the main contributor. For NaPF6,

the largest contributor is fluorspar, that is, the source of fluorine. For NaBOB, the main contributor is the boron-containing mineral colemanite,

but fossil inputs to the acetonitrile production also contribute notably. For triethyl phosphate, phosphorus extracted to produce the phosphorus

trichloride contributes themost.

The main contributing elementary flows to the CSI of the SIB cells are coal, oil, tellurium, sodium chloride, and the boron-containing colemanite

(for Cell 2). All these minerals except tellurium and colemanite have relatively low characterization factors in the CSI method (Arvidsson, Chordia

et al., 2020), but they are extracted in large amounts to supply the SIB product system and therefore receive high impact.

3.3 Comparison to other battery cells

Results for the two SIB cells are here compared to cradle-to-gate results from other LCA studies of SIBs and LIBs. The LCA study on SIB cells by

Peters et al. (2016) applied a previous version of the ReCiPe method, but the global warming indicator is similar across the versions. They also

applied the hierarchist value perspective and mass-based allocation, resulting in 140 kg CO2 eq/kWh, close to the highest cradle-to-gate results
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10 WICKERTS ET AL.

TABLE 2 Comparison to selected cradle-to-gate life cycle assessment studies of sodium-ion and lithium-ion battery cells.

Study

Cathode, anode,

electrolyte salt

Specific energy

(Wh/kg)

Electricity

mix

Global warming (kg

CO2 eq/kWh)

Mineral resource

scarcity (kg Cu or Si

eq/kWh)

Sodium-ion battery cells

Cell 1, this study Prussian white

Hard carbon

NaPF6

160 EU/wind 64–120 SOP: 0.57–0.72

CSI: 9900–18,000

Cell 2, this study Prussian white

Hard carbon

NaBOB

160 EU/wind 58–130 SOP: 0.47–0.71

CSI: 8900–21,000

Peters et al. (2016) Layered oxide

Hard carbon

NaPF6

128 EU 140 n.a.

Peters et al. (2021) Several

Hard carbon

NaPF6

124–172 EU 50–90 n.a.

Carvalho et al. (2022) Na0.44MnO2

MXene

NaPF6

0.13–0.43 Italy 5200–56,000 n.a.

Schneider et al. (2019) NaNi1/3Mn1/3Co1/3O2

Hard carbon

NaPF6

ca. 100–150 South Korea ca. 80–140 n.a.

Lithium-ion battery cells

Chordia et al. (2021) NMC811

Graphite

LiPF6

210–240 Sweden/South

Korea

50–110 SOP: 10

CSI: 65,000

Sun et al. (2020) NMC622

Graphite

LiPF6

180 China 94–120 n.a.

Dai et al. (2019) NMC111

Graphite

LiPF6

197 United States 73 n.a.

obtained with the main-product-bears-all-burden approach in this study (Figure 3a). The comparatively high global warming impact reported in

Peters et al.’s study is likely due to a lower specific energy density (128 Wh/kg), a higher impact of the layered oxide cathode compared to the

Prussianwhite, the higher impact of the sugar-based hard carbon, and the EU electricitymix. In themore recent study, Peters et al. (2021) obtained

global warming results in the range 50–90 kg CO2 eq/kWh for cells with different cathode materials and specific energy densities, similar to the

range for themass-allocation scenarios in this study. They included a case similar toCell 1 in this studywith Prussianwhite, hard carbon, andNaPF6,

for which they received 87 kg CO2 eq/kWh, close to the result at 86 kg CO2 eq/kWh for Cell 1 with the EU mix and mass allocation in this study.

Carvalho et al. (2022) assessed SIB coin cells with much lower cell densities (0.1–0.4Wh/kg) and thus received much higher impacts: ca. 56,000 kg

CO2 eq/kWh for their lab-scale scenario and ca. 5200 kg CO2 eq/kWh for their industrial-scale scenario. Results from Schneider et al. (2019) for

their SIB cells with an NaNi1/3Co1/3Mn1/3O2 cathode at different performance scenarios are ca. 80–150 kg CO2 eq/kWh, on the higher side of

results from this study. A contributing factor might be the South Korean electricity mix with a high share of fossil-based electricity.

For large-scale production of LIB cells, Chordia et al. (2021) reported the global warming of an NMC811 cell at approximately 110 kg CO2

eq/kWh for South Korean electricity and 50 kg CO2 eq/kWh for the Swedish electricity mix, similar to the range in Figure 3a. They also reported

an SOP at approximately 10 kg Cu eq/kWh and a CSI at approximately 65,000 kg Si eq/kWh given the Swedish electricity mix. This is more than

a factor of 10 higher compared to the SIB cells studied here for the SOP, and at least three times higher for the CSI. Sun et al. (2020) reported

the global warming impact of an NMC622 LIB cell at ca. 124 kg CO2 eq/kWh, or 94 kg CO2 eq/kWh if recycling benefits were included. They also

reported a fossil resource scarcity at 24–28 kg oil eq/kWh, depending on whether recycling was included. This is also similar to the results of this

study, albeit at the higher end for global warming. Dai et al. (2019) reported the global warming of an NMC111 LIB cell at ca. 73 kg CO2 eq/kWh,

which is within the range obtained for SIB cells in this study, especially for themass-based allocation results.

A summary of this comparison can be seen in Table 2. Note that allocation approaches are often not clearly reported in these studies, while this

might contribute to differences in results.
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WICKERTS ET AL. 11

4 CONCLUSIONS

A main conclusion from this study is that the SIB cells based on abundant elements perform better than LIB cells regarding mineral scarcity for

the cradle-to-gate system boundary. This is in line with Peters et al. (2021), who also showed that an SIB cell with a Prussian white cathode had

lower mineral resource scarcity impacts than LIB cells. They applied the abiotic resource depletion potential (ADP) indicator, which is constructed

similarly to the CSI but additionally considers the extraction rate of resources (van Oers et al., 2020). The comparative advantage of SIB cells with

Prussian white regarding mineral resource scarcity in a cradle-to-gate perspective is thus confirmed for two additional indicators in this study (the

SOP and CSI).

Another main conclusion is that SIB cells with Prussian white cathodes and LIB cells perform similarly for global warming and fossil resource

scarcity given a cradle-to-gate system boundary. This is contrary to Peters et al. (2021), who showed that an SIB cell with Prussianwhite had almost

twice the global warming compared to LIB cells: ca. 90 versus ca. 50 kg CO2 eq/kWh. However, this represents global warming results for LIB cells

at the lower end of those reported for large-scale production (Table 2). The comparison in this study suggests that these values represent lower-

and upper-end results for LIB and SIB cells, respectively. When the full range is considered, Prussian white-based SIB cells and LIB cells tend to be

in the same range.

The two most important recommendations for improvements of the SIB cells are (i) that the gigafactory is powered by a fossil-free electricity

supply, and (ii) that the hard carbon anode is produced from lignin instead of phenolic resin. Given a shift to renewable electricity for the gigafactory

and a lignin-based anode, the electrolyte would be next up for having a large share of the impacts. Since none of the electrolytes considered in this

study was clearly preferable over the other, further research into environmentally benign SIB electrolytes should be prioritized.

The provided cradle-to-gate data and results from this study can be used in future cradle-to-grave studies of SIBs in specific applications. Con-

siderations for doing so are provided in Supporting Information S1. A methodological contribution from this study is the eight-step procedure

for obtaining prospective LCI data for background system processes, where approaches from Piccinno et al. (2016) and Arvidsson et al. (2019)

were combined. This procedure could be applied by other LCA practitioners for obtaining background system data for materials with immature

production processes.

An important step for improving the LCAmodel in this studywould be to obtain large-scale SIB cell manufacturing data. In this study, large-scale

manufacturing of LIB cellswas adapted to SIB cells on aunit-process level, thus relying on a gigafactory originally designed for LIB cells. For example,

SIB cells might require less dry-room facilities during production, which is known to be an energy-intensive part of the LIB cell production (Dunn

et al., 2015).
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