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Abstract

The transition toward electrification of transportation has resulted in a rapid increase

in the demand for battery cells. While this demand is currently being met through

the use of lithium-ion batteries (LIBs), alternative batteries like sodium-ion batter-

ies (SIBs) and solid-state batteries (SSBs) are emerging as relevant alternatives. In

this study, we analyze, based on current electric vehicle electrode stack designs, the

environmental impact of LIB cells, SIB cells, and SSB cells. The life cycle assessment

results from this cradle-to-gate study show that for LIB cell production today, ∼58–92

kgCO2-eq are emitted per kWhcell and ∼296–624 kWhCED/kWhcell of primary energy

is required. In SIB cell production, ∼75–87 kgCO2-eq/kWhcell is emitted, and in SSB

cell production, ∼88–130 kgCO2-eq/kWhcell, depending on their specific electrode

stack configuration. The results demonstrate that LFP (lithium–iron–phosphate) cells

require the least energy for production across all battery typesunder analysis. Further-

more, the findings indicate that, in terms of global warming potential (GWP), LFP and

NMC900 (nickel–manganese–cobalt) cells are the most sustainable battery types, at

least when focusing solely on battery cell production and neglecting subsequent use

phases. Furthermore, it is demonstrated that by optimizing the cell designs and their

production, the environmental impact of battery cell production can be reduced in

the short term by up to −38%. This allows the production of LFP battery cells with a

low GWP of ∼37 kgCO2-eq/kWhcell and NMC900 cells with ∼44 kgCO2-eq/kWhcell.

Moreover, there is considerable room for improvement in other major LIB cell types.

This article met the requirements for a gold-gold JIE data openness badge described at

http://jie.click/badges.
Gold
Contribution

Accessibility
Gold

KEYWORDS

battery cell production, industrial ecology, life cycle assessment, lithium-ion battery, sodium-ion
battery, solid-state battery

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2024 The Author(s). Journal of Industrial Ecology published byWiley Periodicals LLC on behalf of International Society for Industrial Ecology.

Journal of Industrial Ecology 2024;1–16. wileyonlinelibrary.com/journal/jiec 1

https://orcid.org/0000-0003-3650-1803
mailto:florian.degen@ffb.frauhofer.de
http://jie.click/badges
http://jie.click/badges
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/jiec
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjiec.13594&domain=pdf&date_stamp=2024-11-22


2 DEGEN ET AL.

1 INTRODUCTION

The transition from internal combustion engine (ICE) vehicles to electric vehicles (EVs) plays a pivotal role in reducing the global use of fossil fuels

and promoting the use of renewable energies. Consequently, the EVmarket is expanding rapidly, accompanied by a parallel growth in themarket for

lithium-ion battery (LIB) cells (IEA, International EnergyAgency, 2023b). It is anticipated that the demand for battery cells will increase significantly

over the next decade. By 2030, the demand is expected to reach4700GWh, up from700GWh in2022 (Fleischmann et al., 2023). It is projected that

the automotive sector will account for 4300 GWh in 2030, representing 91% of the total battery market (Fleischmann et al., 2023). It is possible

that even a demand of 10,000GWhmight be possible by 2040 (Schmaltz et al., 2022).

The future demand for cells will not be met by a single chemistry or configuration but rather by a variety of different chemistries and configura-

tions, as illustrated in Figure 1.Market forecasts indicate that by 2030, themost relevant cathode chemistrieswill beNMC622,NMC811,NMC900,

and LFP (lithium iron phosphate) (Bhandari et al., 2022), with graphite anodes and minor additions of SiO2 (Link et al., 2023). Other studies concur

that NCA (nickel–cobalt–aluminum) will continue to be a relevant cathodematerial (IEA, International Energy Agency, 2023a). Furthermore, other,

novel battery cell types are anticipated to gain market share by 2030 (Bhandari et al., 2022; IEA, International Energy Agency, 2023a). This may

encompass sodium-ion batteries (SIBs), solid-state batteries (SSBs), or other cell chemistries. In addition to the cell chemistry itself, the correspond-

ing cell configuration is also relevant. Almost any cell chemistry can be applied in battery cells with either a high-power (HP) configuration or a

high-energy (HE) configuration, depending on the type of EV in question (Lain et al., 2019; Link et al., 2023).

CellswithHPconfigurations are capable of facilitating high charge anddischarge currents, although they exhibit a reducedenergy storage capac-

ity. This is particularly pertinent to EVs with high sudden power demand, such as hybrid vehicles (Link et al., 2023), battery electric sports cars, or

heavy-duty vehicles. This is achieved by reducing the thickness of the active material layer on the anode and cathode sides, thereby minimizing

the electric, ionic, and thermal resistance (Ding et al., 2019; Rauscher, 2014). Conversely, a particularly thick layer of active material with the same

cell chemistry leads to a HE configuration of the battery cell (Lain et al., 2019). This implies that the possible charge and discharge rates are lower,

yet the energy storage capacity is higher (Ding et al., 2019; Masias et al., 2021). This type of cell is employed especially in EVs with a particularly

extended range (Link et al., 2023). According to a meta-study conducted by Link et al. (2023), more than 67% of the battery cells in EVs between

2016 and 2022 exhibited a cathode layer thickness between approximately 50 µm (HP configuration) and 90 µm (HE configuration).

Multiple studies in the past have dealt with life cycle assessment (LCA) of battery cell production to understand a variety of their impacts, such

as energy consumption and greenhouse gas (GHG) emissions (see Supplement S4 for an overview about existing LCA studies on LIB cells) (Ambrose

& Kendall, 2016; Bawankar et al., 2023; Crenna et al., 2021; Cusenza et al., 2019; Dai et al., 2019; Deng et al., 2017; Ellingsen et al., 2014; Faria

et al., 2014; Gutsch& Leker, 2024; Jenu et al., 2020; Kallitsis et al., 2020; Kim et al., 2016; Le Varlet et al., 2020;Majeau-Bettez et al., 2011;Marques

et al., 2019; Notter et al., 2010; Qian et al., 2023; Shen et al., 2023; Sun et al., 2020;Winjobi et al., 2022; Zackrisson et al., 2010; Zhao & You, 2019).

Broadly, these studies have highlighted the prominence of energy-intensive battery cell production (Degen&Schütte, 2022; Kallitsis, 2022) and the

environmental impact of the usedmaterial (Gutsch& Leker, 2024). Llamas-Orozco et al. evaluate the life cycle impacts of all major LIB chemistries—

both NMC (nickel–manganese–cobalt; NMC111, NMC532, NMC622, NMC811, and NMC900) and LFP (Llamas-Orozco et al., 2023). This remains

the only study to date to evaluate all LIB-relevant chemistries. However, it does not evaluate the life cycle impacts of SIBs and SSBs.

Themost relevant LCA studies of SIB cells are those by Peters et al. (2016), Schneider et al. (2019), and Peters et al. (2021). Relevant LCA studies

of SSB cells are those byKeshavarzmohammadian et al. (2018); Lastoskie&Dai (2015); Smith et al. (2021); Troy et al. (2016); Zhang et al. (2022). The

SSB-related studies exclusively evaluate small SSB coin cells with a low technology readiness level (Mandade et al., 2023). The results are therefore

difficult to extrapolate to large cells on a kWhscale. It should also be noted that SIB, SSB, and LIB are collective terms for general battery cell classes,

which can be divided into subclasses, likeNMC,NCA, and LFP for LIB battery cells. Each of these specific subclasses exhibits distinct properties and

environmental impacts.

However, in themajority of LCA studies of LIBs, no distinction ismade betweenHP andHE cell configurations that are relevant to the application

in EVs. Additionally, the aforementioned studies do not account for the effect of the latest trends in the LIB industry that affect the battery design,

such as reducing the thickness of current collectors, the use of water as the solvent, and the adaptation of anodes for dry coating. This results

in an incomplete understanding of the resultant life cycle impacts of batteries. Furthermore, these studies concentrate almost exclusively on the

impact category of global warming potential (GWP), while other impacts, such as eutrophication and toxicity, are largely overlooked. Consequently,

the objective of this study is to ascertain the environmental impact of battery cell types and designs currently in use and those anticipated to be

employed in the near future within the automotive industry, from the point of production to the point of entry into the supply chain.

The study differs from existing literature and enhances this regarding the following points:

∙ All LIB cell chemistries are considered and compared in one single study,which is relevant for EVs (NCA,NMC532,NMC622,NMC811,NMC900,

and LFP).

∙ Dedicated cell designs are developed and used for the LCA, based on existing EV batteries, to ensure comparability and proximity to reality.

∙ A distinction is made betweenHE andHP cell configurations, as this is common in EV applications.
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DEGEN ET AL. 3

F IGURE 1 Forecastedmarket shares of cell chemistries (Bhandari et al., 2022) (a) and their practical configuration range (Link et al., 2023) (b).
The dimensions of the electrode stacks are shown to scale for the high-power (HP) configuration and high-energy (HE) configuration of an
NMC622 cell with 100% graphite anode. *For the years 2016–2022, based on n= 72 battery tear downs (Link et al., 2023). EV, electric vehicle; LFP,
lithium–iron–phosphate; NMC, nickel–manganese–cobalt; NCA, nickel–cobalt–aluminum; SIB, sodium-ion battery; SSB, solid-state battery.

F IGURE 2 System boundaries of life cycle assessment (LCA) study and used data sources. Assessed battery cell designs and recipes (a),
assessedmaterial flows (b), and assessed production steps (c). In total 18 environmental impact criteria are assessed, for most of today’s common
six cell chemistries in EVs, in two configurations each, from cradle to gate. For this, primary data from battery teardowns, from literature, from
databases, and from an own battery cell factory are used. Pot., potential.

∙ Future cell chemistries such as SIB cells and SSB cells are also considered in the study, based on the same databases and cell designs, to be able to

put this into context with today’s LIB cells.

∙ The entire material value chain is analyzed in detail, including the synthesis of cathode activematerial (CAM).

∙ Own primary data from a battery cell factory are used for this study.

∙ All 18 ReCiPe impact criteria are analyzed, not just GWP or cumulative energy demand (CED) like in many other studies.

∙ Uncertainties in thematerial data are quantitatively taken into account and explicitly shown.

∙ Development trends in cell design and cell recipes are analyzed to determine their future effect on the environmental impact of battery cells.

2 METHODS

In this study, a cradle-to-gate LCA is conducted. Figure 2 shows the system boundaries of this LCA and where data are obtained from. Based on

teardowns of commercial EV LIBs (A2Mac1, 2023; B3 Corporation, 2015; Quinn et al., 2018) and meta-studies (Link et al., 2023), a team of cell
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4 DEGEN ET AL.

designers designed cell recipes for all current chemistries (NCA,NMC532,NMC622,NMC811,NMC900) andnear-future chemistries (sodium-ion:

NaNFM442, solid-state: NMC900|Li with oxidic electrolyte), once for HP cells and once for HE cells (A).

For SIBs, NaNFM442 is employed as representative cathode chemistry, as NaNFP442 exhibits comparatively favorable energy densities, a low

nickel content, and, most importantly, can be synthesized with existing equipment. In particular, large-scale synthesis is a prerequisite for large-

scale use in EV batteries. Nevertheless, other SIB chemistries can also be used in EVs in the future. For SSBs, we employ NMC900 as the cathode

chemistry, with oxide solid electrolyte (SE). The choice of NMC900 is motivated by its exceptionally HE densities, comparable to those of lithium

metal on the anode side. The selection of oxide solid-state electrolytes is driven by the likelihood of their industrialization on a large scale (Schmaltz

et al., 2022). It is also possible that other SSB chemistries may be employed in EVs in the future.

For the defined cells, the cell recipes and the specific bill of materials (BOM) were then created as well as the corresponding life cycle inventory

(LCI). Throughour access to our ownbattery cell factory,wewere then able to expand thematerial-specific LCIwith our ownprimary data to include

the battery cell production. At the end of the analysis, we obtain the environmental damage potentials CED, GWP, terrestrial ecotoxicity potential

(TETP), terrestrial acidification potential (TAP), surplus ore potential (SOP), water consumption potential (WCP), freshwater eutrophication poten-

tial (FEP), freshwater ecotoxicity potential (FETP), human toxicity potential, cancer (HTPc), and human toxicity potential, non-cancer (HTPnc). For

the most common six cell chemistries, in two configurations, each of these 10 environmental damage potentials are calculated and assessed. The

remaining environmental damage potentials are shown in Supplement S4. The calculation formulae, assumptions, and further details are provided

in Supplement S1.

3 RESULTS

3.1 Design and recipes of electrode stacks

The most commonly used EV LIB cathode chemistries are NCA, NMC532, NMC622, NMC811, and LFP, with graphite being the anode (Bhandari

et al., 2022; IEA, International Energy Agency, 2023a; Link et al., 2023). Modern NMC811 chemistries use graphite anodes that are blended with a

small amount of SiO. Nickel-rich cathodes, such as NMC900, are gaining ground in EV batteries and are likely to witness a major increase in their

usage in this domain (Bhandari et al., 2022). In theory, for eachof these chemistries, cells of bothHEandHPcell configurations canbemanufactured.

However, in practice, some chemistry-configuration combinations are more preferred than others. For example, NMC chemistries are used in both

HE and HP configurations, while LFP is almost exclusively produced in HE configuration (Link et al., 2023). Since many battery manufacturers have

announced the emergence and introduction of SIBs and SSBs in EVs by the end of this decade, we also include these batteries in this analysis.

Figure 3 shows the designed battery cells, respectively their electrode stacks, their specifications, and their respective BOM. The electrode stack is

hereby the battery cell without casing.

To facilitate comparison, a constant cathode thicknesswas defined as a reference variable for both anHP and anHE configuration. In accordance

with themeta-study by Link et al., for theHP configuration, a calendared cathode thickness of 50 µm and porosity of 35%was selected as the upper

limit, while for the HE configuration, a calendared cathode thickness of 90 µm and porosity of 27%was chosen as the upper limit (Link et al., 2023).

The average thickness of the current collectors and the separator is also provided by Link et al. (2023). All other variables are derived from these

numbers. For the SIB cells and SSB cells, the parameters of the LIB cells were adopted as applicable. The BOM indicates that a distinction between

the HE andHP configurations does affect themass of the passivatingmaterial per kWhcell but not themass of the activematerial.

3.2 Material flows along the upstream value chain

The environmental impact of the material in a battery cell has a significant contribution to the environmental impact of the entire final battery

cell. Figure 4 shows the material flow along the value chain for NCA, NMC811, LFP, NaNFM442 (SIB), and NMC900|Li (SSB) battery cells in an HE

configuration, starting from the inputs for CAM precursor synthesis, for each 1 kWhcell of battery cell energy storage capacity. The material flow

diagrams forNMC532,NMC622, andNMC900 inHE configurations can be found in Supplement S4. Thematerial flow values forHP configurations

can be found in Supplement S2.

Figure 4 illustrates that the production of an LIB cell capable of storing 1 kWh of energy requires between ∼3.2 kg (for NMC900) and ∼5.2 kg

(for LFP) of material.While Li2CO3 is the standard lithium source for themajority of CAMs, LiOH is employed for nickel-rich chemistries (Dai et al.,

2018), such as NCA, NMC811, or NMC900, which is usually obtained from Li2CO3. The production of the precursor is carried out hydrothermally

(Dai et al., 2018; Dunn et al., 2015). The CAM with nickel content is produced by solid-state synthesis (Dai et al., 2018; Dunn et al., 2015). Given

that LFP can be produced both hydrothermally and by solid-state synthesis (Dunn et al., 2015), we have also elected to utilize solid-state synthesis

for LFP, thereby ensuring greater comparability. Additionally, for NaNFM442 (SIB), a hydrothermally produced precursor is employed, followed by

solid-state synthesis. The Na source is Na2CO3.
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DEGEN ET AL. 5

F IGURE 3 Stack designs and bill of materials of current lithium-ion battery (LIB) cells in electric vehicles (EVs). The cells are designed based on
product teardowns of automotive battery cells (A2Mac1, 2023; Quinn et al., 2018), on battery databases (Fraunhofer Institute for Systems &
Innovation Research ISI, 2023), and onmeta-studies that investigate automotive battery cell designs between 2016 and 2022 (Link et al.,
2023);>67% of the analyzed LIB cells in EVs have a cathode coating thickness between 50 µm (high-power [HP] configuration) and 90 µm
(high-energy [HE] configuration), (n= 75) (Link et al., 2023). Calculations and further details can be found in Supplement S2.We use
Li1.3Al0.3Ti1.7(PO4)3 as a solid electrolyte for the solid-state battery (SSB) cell. *Whether a distinction betweenHP andHE cells will bemadewith
sodium-ion batteries (SIBs) and SSB in the future is unknown, but for better comparability, we designed both chemistries once in an HP and once in
an HE configuration. LFP, lithium–iron–phosphate; NCA, nickel–cobalt–aluminum; NMC, nickel–manganese–cobalt.

It is notable that approximately twice as much mass is required as input as the mass of a battery cell results as output. Consequently, during

synthesis and production, by-products and waste are created, in particular, sodium sulfate (NaSO4) during precursor production and N-methyl-2-

pyrrolidone (NMP, respectively, C5H9NO), during electrode production. The sodium sulfate can be employed in other industrial processes, while

theNMP can either be reconditioned or combusted (Ahmed et al., 2016). By-products andwaste, respectively their environmental impacts, are not

allocated to the LCI. Thus, their environmental impacts are also not allocated to the battery cells.

3.3 Environmental impact of the input materials and the final battery cell

Each of the materials utilized in the production of the battery and its constituent components have distinct environmental impacts. Figure 5 illus-

trates the environmental impact of the input materials per kilogram for the categories CED, GWP, TETP, TAP, SOP, WCP, FEP, FETP, HTPc, and
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6 DEGEN ET AL.

F IGURE 4 Material flow along the upstream value chain, starting with thematerial input for precursor synthesis, to produce a battery cell of 1
kWhcell energy storage capacity. Thematerial flows shown here are for battery cells in high-energy (HE) configuration. Thematerial flows for
NMC532, NMC622, andNMC900 are shown in Supplement S4. Data for theHP configuration can be found in Supplement S2. *The circular flow of
water (H2O), which is used as a solvent during the precursor synthesis, is not shown here for better readability. NMC, nickel–manganese–cobalt;
LFP, lithium–iron–phosphate; NCA, nickel–cobalt–aluminum; SSB, solid-state battery; SIB, sodium-ion battery.
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DEGEN ET AL. 7

F IGURE 5 Environmental impact of batterymaterials per kilogram. Themass per specific cell chemistries varies and is defined by the
cell-specific bill of materials. The data are from Ecoinvent 3.10 database andwere calculated using the ReCiPe2016 v1.03 (H) method (Huijbregts
et al., 2016). The data have a log-normal distribution. The error bars show the 67% confidence interval. The corresponding data can be found in
Supplement S2. *Material that is required for SIB or SSB cells. SSB, solid-state battery; SIB, sodium-ion battery.
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8 DEGEN ET AL.

HTPnc. The environmental impact of the remaining eight categories canbe found in Supplement S4. Thedatawere calculatedusing theReCiPe2016

v1.03 (H) method (Huijbregts et al., 2016), based on the Ecoinvent database version 3.10.

Figure 5 illustrates that in terms of theGWPof LIB cells, cobalt sulfate (CoSO4) has themost significant impact, with a value of approximately 31

kgCO2eq/kg. In contrast, nickel, in the formofnickel sulfate (NiSO4),which represents the largestweight share inmostnickel-based cell chemistries,

has a relatively moderate GWP of approximately 5 kgCO2eq/kg. It is noteworthy that the GWP of diammonium phosphate ((NH4)2HPO4) and

magnetite (Fe3O4) is relatively low. Both are essential raw materials for the production of LFP batteries. The reason for this is that ((NH4)2HPO4)

has been produced on a large scale for many decades, namely as fertilizers. Economies of scale, learning effects, and lower energy consumption,

which consequently result in a lower GWP, can be achieved through the application of these principles. In contrast, Fe3O4 is amineral that is widely

available in nature and is used inmany industries. For SSB cells, lithiummetal is used, which has the highest GWP (∼84 kgCO2eq/kg). To obtain 1 kg

of Li, approximately 7 kg of LiCl is processed by electrolysis, requiring approximately 30 kWhof electricity, which is obtained by combustion of hard

coal and natural gas.

With regard to the CED, CoSO4 stands out in particular due to its high CED, as illustrated in Figure 5. It can be observed that approximately

327 kWhCED of energy is required to produce 1 kg of CoSO4. In comparison, 1 kg of NiSO4, the input material with the second highest CED for LIB

cells, requires 73 kWhCED. The results are similar for the other active categories. In this context, it is evident that CoSO4 and NiSO4 represent the

primary sources of environmental damage potential, in addition to Li metal for SSB cells. However, it is noteworthy that the copper foil also exhibits

a considerable degree of environmental impact, particularly in the domains of toxicity, acidification, and eutrophication. In this regard, copper is

arguably as critical as cobalt, respectively CoSO4. Furthermore, it is important to highlight that the choice of lithium source can have a significant

impact on the overall environmental footprint. It is evident that LiOH exhibits a markedly elevated degree of environmental damage potential in

comparison to Li2CO3. However, it should be noted that the values for Li2CO3, LiOH, and graphite from Ecoinvent are challenged in the literature.

A review of the literature by Engels et al. (2022) indicates that the GWP of natural graphite is likely to be 9.6 kg CO2 eq/kg, which is approximately

four times higher than the Ecoinvent data from 2020 (Engels et al., 2022). A review of the literature by Rolinck et al. indicates that in the most

significant LCA studies on Li2CO3 and LiOH, the GWP of Li2CO3 is, on average, approximately 6 kgCO2eq/kg, while that of LiOH is approximately

12 kgCO2eq/kg (Rolinck et al., 2023). For this reason, a sensitivity analysis was conducted to investigate the impact of changes in base values, such

as those derived from literature sources, on the overall impact of an entire battery cell. The results pertaining to GWP can be found in Supplement

S4. The results demonstrate that alterations to the base values of Li2CO3, LiOH, and graphite result in only a marginal change in the GWP of a

complete battery cell. Furthermore, there is no evidence to suggest that there are significant discrepancies in the base values, at least not from the

most recent data fromEcoinvent 3.10.Given these considerations and theneed for consistency,wewill continue toutilize the values fromEcoinvent

3.10 in the subsequent analyses.

Figure 6 shows the CED and GWP of the different cell chemistries, respectively, battery cells in HP configuration and HE configuration. The

figure demonstrates that there is a notable distinction between the CED of cell chemistry produced in an HE or HP configuration. The HP config-

uration exhibits a CED that is approximately 6%–17% higher than the respective HE configuration. It also can be observed that the NMC532 and

the NMC622 chemistries have the highest CED (NMC582: ∼582–620 kWhCED/kWhcell, NMC622: ∼587–624 kWhCED/kWhcell). NMC900 has the

lowest CED among the LIB chemistries with nickel content; NMC811 and NCA are in between (NMC900: ∼390–418 kWhCED/kWhcell, NMC811:

∼454–484kWhCED/kWhcell, NCA: 427–456kWhCED/kWhcell). LFP cells have by far the lowestCEDof all the chemistries analyzed (LFP:∼296–346

kWhCED/kWhcell). Also, SIB cells, often promoted as sustainable alternatives to LIB cells, have aCED that is notably higher than theCEDof LFP cells

(SIB: ∼441–493 kWhCED/kWhcell). The reason is, that also in NaNFM442 nickel, respectively NiSO4 is used, which has a high CED. Also, oxidic SSB

cells have a high CED (∼493–655 kWhCED/kWhcell). The reason for this is the high CEDof lithiummetal that is used as an anodematerial. However,

it can be observed that what all LIB chemistries have in common is that themajority of the CED is caused by thematerial itself (∼78–92%), with the

energy in battery cell production accounting for a relatively smaller proportion (∼8%–22%). The main CED driver is the cathode slurry. In the case

of nickel-based cathode slurries, this is, in particular, the CoSO4, theNiSO4, and the solvent NMP. TheCED contribution of Li2CO3, LiOH, and other

components is low. It is noteworthy that the NMPmakes upmore than 50% of the CED in the LFP slurries.

A qualitatively similar picture emerges for theGWP.Here, the nickel-based LIB chemistries have aGWPbetween∼57 and92kgCO2-eq/kWhcell,

while LFP cells have a GWP of ∼59–70 kgCO2-eq/kWhcell. While for CED, LFP is the chemistry with the lowest impact, in terms of GWP, NMC900

cells have the lowest GWP, with ∼57 kgCO2-eq/kWhcell. Furthermore, SIB cells and SSB cells have a GWP that is notably higher than that of all

analyzed LIB cells.

Figure 7 illustrates the various impact categories and their respective environmental damage potentials, namely TETP, TAP, SOP, WCP, FEP,

FETP, HTPc, and HTPnc, for the different cell chemistries and configurations. The results for the remaining eight damage potentials can be found

in Supplement S4. A similar picture emerges when considering the environmental and human health damage potential of cobalt and CoSO4. The

lower the concentration of cobalt, the better it is for the environment and humans. Likewise, LFP andNaNFM422 (SIB) are the chemistries with the

lowest damage potential in almost all impact categories. It is notable that, in addition to the cathode slurry, the copper foil is the battery component

with the highest damage potential. This has a particularly strong effect on LFP cells, where the copper foil has the largest damage potential in all

impact categories exceptWCP. For SIB cells, this is beneficial, as aluminum is used on the anode side as a current collector, instead of copper.
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DEGEN ET AL. 9

F IGURE 6 Cumulative energy demand (CED) and global warming potential (GWP) of different battery cell chemistries, in different
configurations. The corresponding data can be found in Supplement S2. The data have a log-normal distribution. The error bars show the
approximated 67% confidence interval. NMP, N-methyl-2-pyrrolidone; NMC, nickel–manganese–cobalt; LFP, lithium–iron–phosphate; NCA,
nickel–cobalt–aluminum; SSB, solid-state battery; SIB, sodium-ion battery.

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13594, W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 DEGEN ET AL.

F IGURE 7 Environmental impact of different LIB chemistries, in different configurations. The corresponding data can be found in Supplement
S2. The data have a log-normal distribution. The error bars show the approximated 67% confidence interval. HE, high energy; HP, high power;
NMC, nickel–manganese–cobalt; LFP, lithium–iron–phosphate; NCA, nickel–cobalt–aluminum.
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DEGEN ET AL. 11

F IGURE 8 Effect of improvements in cell design and technology on the environmental impact of different lithium-ion battery (LIB)
chemistries, in high-energy (HE) configuration. *Improvements in production technology are obtained fromDegen (2023) andDegen et al. (2023).
**For NCA (nickel–cobalt–aluminum) andNMC (nickel–manganese–cobalt), we assumeN-methyl-2-pyrrolidone (NMP) as solvent; for LFP
(lithium–iron–phosphate), we assumewater as solvent. The underlying assumptions are given in Section 2. The results for high-power (HP)
configurations can be found in Supplement S4. The calculations can be found in Supplement S3.

3.4 Short-term optimization potential and ongoing trends

The results of the aforementioned analyses are subject to a number of uncertainties and ongoing optimization efforts. For example, the NMP is

reconditioned and reused inmodern gigafactories. This has the potential to reduce the environmental footprint of theNMPbut requires significant

initial investments in equipment. However, to date, there are still numerous battery cell factories in operation, particularly in Asia, which do not

recondition and reuse NMP. In the case of LFP chemistries, industrial approaches are also being considered that utilize water as a solvent. Further-

more, efforts are being made to reduce the thickness of the current collectors (aluminum foil and copper foil) to increase the energy density of the

battery cells (Link et al., 2023). Given the high cost of energy, particularly for natural gas in Europe, battery cell factories are also being optimized

in terms of energy (Degen et al., 2023; Schütte et al., 2024). This has resulted in a transition from natural gas to electricity as an energy source.

Furthermore, cell casings are becoming larger, with thinner casing walls made of aluminum; NCA, NMC, and LFP active materials are being coated;

and dry coating is being applied in anode production (Taylor, 2022). Figure 8 shows how this affects the environmental impact of the various battery

cell chemistries (in HE configuration). Figure 8 illustrates the impact of these changes on the environmental footprint of the various battery cell

chemistries (inHE configuration). In this analysis, we focus on the impact on LIB cells, excluding SIB and SSB cells, as these are not yet inwidespread

production and are unlikely to be in the near future. The results for HP configurations can be found in Supplement S4. The assumptions made are

explained in Supporting Information S1.

Figure 8 illustrates that trends such as NMP recycling, reducing the thickness of the current collector, optimizing LIB factory production, and

usingwater as a solventhavea favorable impacton theenvironmental damagepotential of battery cells. Conversely, other trends, including the tran-

sition from natural gas to electricity, utilizing lighter and larger casings made of aluminum, coated active material, and dry coating, have an adverse

effect on the environmental damage potential of battery cells. However, the negative impact of electricity generation is primarily attributable to

the fact that the current electricitymix is still derived froma significant proportion of fossil fuels. Nevertheless, this is anticipated to decline further,

reaching a point where the kWh of electricity is expected to have a lower environmental impact than natural gas. The use of lighter cell casings can

lead to reduced energy consumption during the operational phase of an EV. Additionally, the coating of CAMs has the potential to enhance battery

performance and extend its lifespan.

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.13594, W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 DEGEN ET AL.

The combination of various trends shows that the damage potential can be notably reduced overall, with a reduction of between approximately

−1% (SOP of NMC and NCA) and −54% (WCP of LFP). The overall damage potential of LFP cells can be reduced the most in percentage terms by

the ongoing development trends.

4 DISCUSSION AND CONCLUSION

The objective of this study was to identify the environmental impact of LIB cell types currently and in the near future employed in the automotive

industry. The following findings were established:

First, the production of an LIB cell necessitates the utilization of approximately ∼296–624 kWhCED/kWhcell of primary energy with GHG emis-

sions of approximately∼57–92kgCO2-eq/kWhcell. These figures are contingent upon the specific cell chemistry employed. TheGWPofNMC811 in

an HE configuration is found to be approximately ∼66 kgCO2-eq/kWhcell, while in an HP configuration, it is approximately ∼72 kgCO2-eq/kWhcell.

This is notably less than the figures indicated in current literature sources (Crenna et al., 2021; Kallitsis et al., 2020). For example, Crenna et al.

report GWPs between 110 and 120 kgCO2-eq/kWhcell for NMC811 (Crenna et al., 2021). Kallitsis report a GWP of 140 kgCO2-eq/kWhcell for

NMC811 (Kallitsis et al., 2020). In contrast, Winjobi et al. report notably lower GWP values between 50 and 70 kgCO2-eq/kWhcell for NMC811

(Winjobi et al., 2022). Our study has confirmed the existence of such lowGWPs.

Second, with regard to the environmental impact of an LIB cell, a notable distinction can be observed between cells constructed in an HE con-

figuration, characterized by a thicker coating, and those built in an HP configuration, which feature a thinner coating. This phenomenon is evident

across all impact categories. For instance, the HP configuration has been found to exhibit a GWP that is approximately 10%–20% higher than that

of the respective HE configuration. This illustrates the pivotal role that the construction of a battery cell plays in determining its environmental

impact. The mere specification of the cathode chemistry (e.g., NMC111, NMC622, NMC811) is insufficient for an LCA study; the areal load of the

electrodemust always be provided.

Third, there are considerable differences in the environmental impact of NMC chemistries, depending on the specific type of NMC employed.

For instance, NMC900 has a GWP that is approximately 33% lower than that of NMC532. The existing LCA studies, which analyze a range of NMC

chemistries, also arrive at disparate conclusions in this regard. Crenna et al. and Llamas-Orozco et al. do not identify any significant differences

between different NMC chemistries (Crenna et al., 2021; Llamas-Orozco et al., 2023). Winjobi et al. (2022) report a slight reduction in the impact

criteriawith an increasing nickel content and thus a reduced cobalt content and increased energy density (Winjobi et al., 2022). In contrast, Kallitsis

et al. (2020) clearly point to this effect. The findings of this study corroborate the notion that the environmental impact of battery cells can be

mitigated by reducing the cobalt content and increasing the nickel content in NMC cells. This phenomenon can be attributed to two key factors:

first, nickel is less detrimental to the environment than cobalt, and second, an elevated nickel share also leads to an enhancement in the energy

density of the cell. Consequently, the environmental impact of passivematerials (e.g., casing, current collectors, especially copper foil) and overhead

(e.g., energy costs in cell production) is reduced in an “impact per kWhcell” calculation.

Fourth, the key contributors to environmental damage in LIB cells are CoSO4, copper foil, and NMP as a solvent. It is already known that CoSO4

has a high damage potential. However, the fact that copper in the battery cell has a high damage potential only becomes apparent when other

damagecategories thanGWPorCEDareanalyzed. This hasbeenpreviously investigatedbyKallitsis et al. in a comprehensivemanner (Kallitsis et al.,

2020). They also highlight the significant detrimental impact of copper in battery cells. Copper is one of themost harmfulmaterials per kilogram in a

battery cell, with strong damage potential in almost all impact categories. Additionally, it has a highmass share per kWhcell, ranging from two to four

times that of lithium. The high specific damage potential of copper in combinationwith its highmass sharemakes copper an environmentally critical

component in a battery cell. Furthermore, the major effect of NMP has not been recognized or named in the latest and relevant studies (Gutsch &

Leker, 2024; Winjobi et al., 2022). This may be due to the fact that NMP is only an auxiliary material that is not contained in the final battery cell

and therefore not taken into account in the BOM (Gutsch& Leker, 2024). Other studies nameNMPbut argue that it is recycled and thus not further

focused (Kallitsis et al., 2020). Although NMP is usually recycled in new, large battery cell factories, in older, existing factories, new NMP is usually

used. This results in a correspondingly higher damage potential of the battery cells. In short, our findings demonstrate that the significant influence

of copper andNMP is not adequately considered inmany LCA studies of battery cells.

Fifth, the input materials for LFP active material have much lower damage potential than CAMs with nickel and cobalt components (NMC and

NCA). The GWP for the synthesis of LFP is 11.6 kgCO2-eq/kg, while it is double as high for NMC900with 26.4 kgCO2-eq/kg. However, at the level

of individual cells, LFP has a slightly higher GWP than NMC900. This indicates that NMC900 is the chemistry with the lowest GWP at the level

of individual cells across the entire range of cell types analyzed. These results do not corroborate those of Llamas-Orozco et al., who found that

the GWP of LFP chemistry was approximately 30% lower than that of NMC and NCA cells (Llamas-Orozco et al., 2023). Our findings also highlight

the crucial role of energy density in understanding the environmental impact of battery cells. High energy densities can offset high environmental

impacts by increasing the overall ratio of energy density to the environmental impact of the battery cell.

Sixth, the SIB cell that we have analyzed (NaNFM442) has the lowest environmental impact in a number of impact categories. This is due to

the fact that NaNFM442 does not utilize any cobalt, copper, or graphite. However, in the relevant impact category of climate change, the GWP of
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DEGEN ET AL. 13

NaNFM422 is situated between that ofNMC811 andNMC622. AGWPof 75–87 kgCO2- eq/kWhcell is calculated forNaNFM442. In the literature,

the values presented vary considerably. Peters et al. (2016) report aGWPof 140 kgCO2-eq/kWhcell for an SIB cell withNMMT (sodiumnickelman-

ganese magnesium titanate oxide) chemistry (Peters et al., 2016). This value is almost twice as high as the GWP calculated in this study. Schneider

et al. (2019) report GWPs of 80–150 kgCO2-eq/kWhcell, which is also higher than the values calculated in this study. In the most comprehensive

LCA study on SIBs to date, also by Peters et al., five different SIBs are analyzed and GWPs between 50 and 90 kgCO2-eq/kWhcell are determined,

which is in a similar range to our results (Peters et al., 2021). However, the cell chemistry NaNFM442 used by us was not included in the analysis

by Peters et al. Despite this, Peters et al. (2016) also concluded that SIB cells have a higher GWP than LIB cells. However, in their study, NMC622

reference cells exhibited a lower GWP than LFP reference cells. Our findings challenge this conclusion.

Seventh, SSB cells have in many categories a similar or slightly increased environmental impact like NMC and NCA cells, except for SOP. The

main driver for an increased impact of SSB cells is the use of lithium (metal) on the anode side, which has a much higher environmental impact

than graphite. Most of the other components of the cell remain the same, except for the electrolyte. However, the solid electrolyte has a negligible

mass share in the cell and also a low specific damage potential, as demonstrated in our study. We calculate a GWP of between 88 and 130 kgCO2-

eq/kWhcell forNMC900 cellswith an oxidic solid electrolyte. The fewexisting literature sources provide values of up to∼18,000 kgCO2-eq/kWhcell

(Troy et al., 2016) and ∼33,000 kgCO2- eq/kWhcell (Zhang et al., 2022). However, these were determined by analyzing SSB coin cells. Our calcula-

tions demonstrate that the environmental impacts of larger SSB cells are comparable to those of LIB cells. It is also important to note that the high

thickness of the lithium metal layer (20 µm) is primarily a result of production handling considerations, rather than electrochemical factors. From

an electrochemical perspective, the lithium layer could be as thin as a fewmicrometers. However, the reliable large-scale production of such a thin

layer is currently challenging. Therefore, by improving lithium processing and reducing the anode thickness, it is possible to significantly reduce the

environmental impact of SSB cells.

Eighth, there are trends toward optimizing cell designs and production. These are not necessarily intended to reduce environmental impacts but

may nevertheless lead to a reduction in these. For instance, trends include optimizing cell designs (e.g., reducing the thickness of the copper foil,

increasing the cell casing) (Link et al., 2023), recycling (reconditioning of NMP; Nurjanah et al., 2023), and improving production technology (Degen

et al., 2023). The results demonstrate that ongoing developments in cell design and production have the potential to reduce the damage potential

of LIB cells by −19% for NMC532 and −38% for LFP. This finding is one of the most significant insights of the study, as it highlights the significant

optimization potential of battery cells with regard to their ecological impacts. The GWP of NMC900 cells can be reduced by −22% to ∼44 kgCO2-

eq/kWhcell, and the GWP of LFP cells can be reduced by −38% to ∼37 kgCO2-eq/kWhcell. It should be noted that these figures do not take into

account the recycling of nickel, cobalt, lithium, copper, etc. This will likely also affect the environmental impact within the next years.

This study is accompanied by its limitations.We present the environmental footprint of all major battery cells for EVs, but the analysis is limited

from cradle to gate. We do not take into account the subsequent use phase or the final recycling phase. However, the main proportion of GHG

emissions from EVs is not solely emitted during their production, but also during their use. Here, in addition to the application scenario, the local

energymix and theweight of the EVs are ofmajor importance. The greater theweight of an EV, the greater the energy expenditure per unit distance

traveled. This implies that a heavy battery ismore disadvantageous than a light batterywith the sameenergy content. In concrete terms, this implies

that an LFP battery cell (low gravimetric energy density) in a cradle-to-grave approachmay bemore environmentally disadvantageous than an SSB

battery cell (high gravimetric energy density), although in our cradle-to-gate approach, the LFP cell has a notably lower damage potential than the

SSB cell. On the other hand, LFP cells have a longer lifetime than NMC and NCA cells, which also would affect the environmental footprint when

including the use phase. However, as previously stated, this depends on the specific scenario. The data obtained and presented in this study can

serve as a foundation for further research and analysis by other scholars in the field.

Furthermore, our study does not consider the recycling and reuse of themost critical rawmaterials, including lithium, nickel, cobalt, manganese,

aluminum, copper, graphite, and others. The rates of recycling are determined by legislative bodies, as exemplified by the EU Battery Regulation

(Official Journal of the European Union 2023), which was implemented across all EU countries at the beginning of 2024. The recycling of these

materials will have a notable impact on the ecological impact factor of the materials in question, which in turn will have an effect on the calculated

values. However, the quantitative change depends largely on the specific scenario, such as the recycling technology used, its efficiency, the energy

mix, andmanymore. The data obtained and provided in our study can be used by other researchers as a basis for calculations and studies.
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