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A B S T R A C T

All-solid-state batteries (ASSBs) are considered a next-generation technology with the potential to enhance the 
safety and extend driving range in electric vehicles. This study assesses the climate impact of two ASSB chem
istries in 2025, 2030, 2040, and 2050, using a prospective life cycle assessment. The study accounts for changes 
in energy-intensive processes, secondary material use, and advances in battery design. A battery dimensioning 
model is developed to quantify material demand and the corresponding specific energies. The findings indicate 
that ASSB NMC811 with LLZO electrolyte likely has a higher climate impact than LIBs, while ASSB LFP with a 
polymer electrolyte has the potential to be achieve impacts comparable to LIB LFP. Minimizing non-cathode 
materials significantly lowers the climate impact of ASSBs, making them comparable to LIBs. Key contributors 
to the climate impact of both ASSBs are the electrolyte and cathode active materials, with the anode and current 
collector also important in polymer-based ASSBs. The analysis also shows the availability of lanthanum may pose 
constraint on scaling LLZO based ASSBs.

1. Introduction

As society transitions toward a fossil-free economy, rechargeable 
batteries, especially for mobile applications, are becoming increasingly 
crucial. The recent drive toward vehicle electrification has highlighted 
the dominance of lithium-ion batteries (LIBs) in the electromobility 
sector, due to their high energy and power density, superior cycleability, 
and reliability. However, after years of development, LIBs are 
approaching their limits in energy density. They face several challenges 
in meeting the growing demand for extended driving ranges in electric 
vehicles (EVs), primarily due to the limited capacities of graphite anodes 
and transition metal oxide cathodes (Tang et al., 2021), which remain 
the most constraining factor in LIB advancement.

All-solid-state batteries (ASSBs) have emerged as a promising next- 
generation technology, expected to deliver higher energy and, in prin
ciple, power densities compared to conventional LIBs (Janek and Zeier, 
2023; Lin et al., 2017; Schmuch et al., 2018). Unlike LIBs, ASSBs use 
solid electrolytes instead of organic liquid counterparts. This substitu
tion can enhance long-term stability by preventing electrode cross-talk, 
an undesirable chemical interaction between dissolved active materials 
(Janek and Zeier, 2023). In addition, solid electrolytes can effectively 
reduce the risk of leakage, flammability and explosions, improving 

overall thermal stability (Lin et al., 2017; Manthiram et al., 2017). The 
non-flammable nature or higher thermal thresholds of solid-state con
ductors prevents safety issues commonly associated with the high 
reactivity of liquid electrolytes (Lin et al., 2017). In this respect, the 
adoption of solid electrolytes enables the safe use of thin lithium (Li) 
metal anodes, which are otherwise limited by detrimental formation and 
growth of inhomogeneous deposits during Li plating/stripping reactions 
that often result in cell internal short-circuit with potentially disruptive 
consequences (e.g. thermal runaway, fire) in presence of organic liquid 
electrolytes. The use of thin Li metal anode is particularly attractive for 
next-generation battery designs, as Li offers much higher volumetric and 
gravimetric capacities than graphite, thus addressing the anode capacity 
limitations of traditional LIBs and further enhancing the ultimate cell 
output voltage (Boaretto et al., 2021; Janek and Zeier, 2023; Schmuch 
et al., 2018).

The all-solid-state design facilitates the integration of bipolar elec
trodes, allowing multiple battery cells to be stacked within a single 
package. This configuration enhances output voltage, reduces overall 
package volume, and consequently increases both energy density and 
storage efficiency (Hu, 2016). However, several challenges remain for 
the large-scale production of solid-state electrolytes. These include the 
need for inert processing environments for sulfides, high sintering 
temperatures for oxides, limited Li-ion conductivity at solid-state 
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interfaces and the mechanically fragile nature of ceramic electrolytes, 
which are incompatible with established "roll-to-roll" manufacturing 
techniques (Cao et al., 2019; Frith et al., 2023; Xu et al., 2021). Despite 
these limitations, ongoing research continues to address these issues to 
improve the performance, scalability, and cost-effectiveness of ASSBs. 
Nonetheless, concerns remain regarding their long-term reliability, 
durability, and projected cost competitiveness.

Industry leaders such as Samsung, Solid Power, QuantumScape, and 
Toyota have made notable progress in advancing solid-state battery 
(SSB) technologies. Experimental data show that SSBs using NCA cath
odes with Li metal anodes can achieve specific energies of up to 393 W 
h/kg and volumetric energy densities of 1143 W h/L, substantially 
higher than those of conventional LIBs (NCA vs. graphite), which typi
cally reach 265 W h/kg and 635 W h/L, respectively (Janek and Zeier, 
2023). Lithium-based SSBs are generally categorized into two types 
based on their electrolyte materials: ceramic and polymer. Ceramic 
electrolytes can be further divided into sulfide- and oxide-based systems. 
Both ceramic and polymer electrolytes exhibit different pros and cons. 
For example, ceramic garnet-type LLZO (Li7La3Zr2O12) is favored for its 
high ionic conductivity, and compatibility with Li metal anodes due to 
its wide electrochemical stability window (ESW) and high shear 
modulus. The polymer electrolyte such as PEO (polyethylene oxide) 
with dissolved lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) salt, is 
on the other hand preferred due to its ease of processing and capability 
to buffer electrode volume changes during battery operation (Tang 
et al., 2021; Zhao et al., 2020). Commercial demonstrations have shown 
promising performance at both cell and pack levels for SSBs featuring 
PEO-LiTFSI electrolytes with LiFePO4 cathodes (Wan et al., 2019).

Given their high raw material costs and complex processing re
quirements, ceramic-based ASSBs are expected to initially target pre
mium market segments, such as high-end vehicles (Schmaltz et al., 
2022), while polymer-based ASSBs are primarily intended for 
car-sharing services and buses (Song et al., 2023). Current research 
suggests that polymer-based SSBs are likely to reach commercialization 
first, followed by oxide- and sulfide-based SSBs (Schmaltz et al., 2022). 
Evaluating the potential environmental impacts of these emerging 
ASSBs is essential. Several life cycle assessment (LCA) studies have 
focused on ASSBs with sulfide-based electrolytes (Liu et al., 2024; 
Popien et al., 2023), oxide-based electrolytes (Lastoskie and Dai, 2015; 
Liu et al., 2024; Smith et al., 2021; Troy et al., 2016; Zhang et al., 2022), 
and polymer-based electrolyte (Vandepaer et al., 2017). Other studies 
have addressed solid electrolyte materials (Larrabide et al., 2022) and 
manufacturing technologies (Keshavarzmohammadian et al., 2018). 
However, due to limited data availability, most LCAs are conducted at 
the laboratory scale. Inventory data are often sources from different 

references without consistent assumptions regarding battery size, ge
ometry, and performance, leading to challenges in comparing different 
battery chemistries. In particular, inconsistencies in material composi
tion and battery performance result in mismatches, as performance 
metrics are linked to the types and quantities of materials used.

Moreover, no research has investigated the future climate impacts of 
ASSBs. To address this gap, the present study performs a prospective life 
cycle assessment (pLCA) of two representative ASSB chemistries with 
polymer-based and ceramic-based electrolyte to explore their potential 
climate impact in 2025, 2030, 2040, and 2050. The study integrates 
battery-dimensioning inputs and corresponding gravimetric and volu
metric energy densities from our own developed model. The findings 
aim to inform the sustainable development and deployment of future 
ASSB technologies.

2. Materials and method

This section outlines the methodology and workflow of the study, 
beginning with an explanation of the life cycle assessment (LCA) 
methodology (Section 2.1), followed by scenario development, and life 
cycle inventory (LCI) analysis.

2.1. Overall approach

A prospective life cycle assessment was conducted using an attribu
tional cutoff method to evaluate the future climate impact of two all- 
solid-state batteries (ASSBs) and to compare their impacts with those 
of two conventional lithium-ion batteries (LIBs). The functional unit 
(FU) is defined as 1 kWh of battery capacity. This study focuses solely on 
the climate impact since the employed integrated assessment model 
(IAM) REMIND to explore future scenarios is centered on changes in 
greenhouse gas (GHG) emissions (Baumstark et al., 2021). Due to the 
early-stage development of ASSBs, high uncertainties exist in their use 
phase and end-of-life treatment. Consequently, this study focuses on the 
climate impact performance associated with battery production. The 
system boundaries include raw material extraction, transportation, 
precursor production, battery component production, and battery 
manufacturing processes. The climate impact per FU is quantified using 
the following equation: 

Climate impact per FU=

∑
fi × ISi

specific energy
(1) 

where fi represents the mass requirement for each battery component (in 
kg) or the energy required for manufacturing 1 kg of battery (in kWh per 
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TRL Technology readiness level

S. Zhang et al.                                                                                                                                                                                                                                   Journal of Cleaner Production 525 (2025) 146607 

2 



kg), and ISi denotes the impact score (in kg CO2-eq per kg of material or 
per kWh of energy) for producing each unit of battery component and 
energy. The climate impact is calculated using the IPCC 2021 (100-year 
timeframe) GWP characterization factors. The battery production is 
assumed to take place in Europe. The LCA software Activity Browser was 
used for modeling (Steubing et al., 2020).

2.2. Battery technologies

Two representative ASSBs were evaluated: one with an NMC811 
cathode and pure Li anode using LLZO as the electrolyte (technology 
readiness level, TRL = 5), and one with an LFP cathode and pure Li 
anode using a PEO-LiTFSI polymer electrolyte (TRL 8). For comparison, 
two LIBs using the same cathode materials were also assessed. In these 
LIBs, graphite was used as the anode and LiPF6 salt in EC/DMC solvents 
as the electrolyte.

All studied batteries are modeled in a pouch cell configuration, 
which is the preferred configuration for SSBs. Unlike cylindrical cells, 
pouch cells lack standardization in terms of weight and dimensions. 
Significant variations in both weight and size are observed, even among 
products from the same manufacturer (Azhari et al., 2020). This study 
adopts battery cell dimensions sourced from Lee et al. (2020) for the four 
battery chemistries considered to ensure a fair comparison.

A pouch cell comprises multiple repeating units encased in a flexible, 
lightweight casing made from layers of polypropylene (PP), aluminum 
(Al), and polyethylene terephthalate (PET). Each unit is composed of 
multiple layers of battery components. For ASSBs, a bipolar internal 
design is applied, while a double-sided electrode coating design is 
additionally evaluated in the Supplementary Material (Section 1 and 2; 
Tables S3, S4, S14). The repeating unit consists of a solid-state electro
lyte layer between two electrodes, with the solid electrolyte also func
tions as a separator. In this design, the Li anode also serves as a current 
collector, thus eliminating the need for a copper current collector. 
However, an aluminum current collector foil remains necessary on the 
cathode side. In LIBs, each unit includes a cathode and an anode layer 
separated by a porous polymer separator to prevent direct electrode 
contact. Cathode and anode materials are coated on both side of 
aluminum (cathode) and copper (anode) current collectors, respec
tively. The liquid electrolyte fills the pores of the separator and the 
electrodes, facilitating ion transport during cycling. The amount of 
component materials is calculated based on active material mass loading 
(g/cm2), layer thicknesses, porosity, and material densities. The cell 
capacity (mAh), specific energy (Wh/kg), and volumetric energy density 
(Wh/L) are calculated based on the cathode active material capacity 
(mAh/g), total cathode material, average voltage of the cell, and the 

total weight and volume of the battery cell (Kevin W et al., 2022). 
Detailed battery dimensioning calculations are provided in the Supple
mentary Materials (Section 1).

Given the variability in ASSB design at this early stage of develop
ment, two scenarios were considered to capture a range of future po
tential configurations: a baseline and an optimal scenario. These 
scenarios were informed by expert inputs from battery developers and 
relevant literature (Supplementary Materials, Tables S1–2). The com
positions and technical details of the studied battery cells are presented 
in Table 1, Table 2, and Fig. 1.

2.3. Life cycle inventory and future scenarios

Material requirements for battery components are derived from the 
battery dimensioning model introduced in Section 2.2. Energy re
quirements for battery manufacturing are sourced from Degen et al. 
(2023). Inventory data for material production and associated emissions 
are collected from prospective LCI (pLCI) databases, whenever possible. 
These pLCI databases are generated by integrating outputs from IAM 
with LCI database ecoinvent using the Premise Python package (Sacchi 
et al., 2022). This approach generates future-oriented LCI databases for 
the years 2025, 2030, 2040, and 2050, reflecting anticipated de
velopments aligned with the Shared Socioeconomic Pathway narrative 2 
(SSP2) and two climate targets: nationally determined contributions 
(NDCs) and the Paris Agreement’s 1.5 ◦C goal (PkBudg500). SSP2 rep
resents a continuation of historical development trends across social, 
economic, and technological dimensions (Riahi et al., 2017). These 
scenarios predict global mean surface temperature increases limited to 
2.5 ◦C (NDCs) and 1.5 ◦C (PkBudg500) by year 2100. Specifically, the 
REMIND model is used to simulate potential transformations in various 
sectors and regions (Baumstark et al., 2021), such as future electricity 
sources, fuel production technologies, efficiency improvements in en
ergy- and material-intensive processes, the implementation of Carbon 
Capture and Storage (CCS), and shifts in market shares of material and 
energy carriers. These transformations are then applied to modify cor
responding unit processes in the ecoinvent 3.9 cut-off database (Wernet 
et al., 2016) via Premise, generating prospective ecoinvent databases in 
the year 2025, 2030, 2040, and 2050. For data unavailable in pLCI 
databases, they are collected from the latest literature. Specifically, the 
production of solid electrolytes LLZO and PEO–LiTFSI is modeled 
following the processes described by Liang et al. (2023) and Shao et al. 
(2018). Energy consumption is estimated using the method introduced 
in Geisler et al. (2004). The inventory for LiTFSI is from Deng et al. 
(2017). The life cycle inventory is provided in the Supplementary Ma
terial (Section 3; Table S12–S13).

Table 1 
Composition (wt.%) of studied battery cells. Li refers to pure lithium foil. G refers to graphite. CMC refers to carboxymethyl cellulose. SBR refers to styrene butadiene 
rubber, Super C65 is a high performance electronically conductive carbon black powder. PEO-LiTFSI refers to polyethylene oxide embedding lithium bis(tri
fluoromethylsulfonyl)imide as electrolyte salt. LLZO refers to Li7La3Zr2O12.

ASSB LFP(PEO-LiTFSI) ASSB NMC811(LLZO) LIB LFP LIB NMC811

baseline optimal Baseline Optimal Baseline Optimal Baseline Optimal

Anode Anode active 
material

5.5 % (Li) 4.4 % (Li) 4.0 % (Li) 2.4 % (Li) 25.5 % (G) 22.6 % (G) 38.8 % (G) 29.9 % (G)

​ Super C65 – – – – 0.5 % 0.5 % 0.8 % 0.6 %
​ CMC-SBR – – – – 0.5 % 0.5 % 0.8 % 0.6 %
Cathode Cathode active 

material
32.5 % (LFP) 52.1 % (LFP) 35.7 % 

(NMC811)
50.3 % 
(NMC811)

34.6 % 
(LFP)

45.0 % 
(LFP)

29.8 % 
(NMC811)

43.4 % 
(NMC811)

​ Super C65 0.7 % 1.0 % 0.7 % 1.0 % 0.7 % 0.9 % 0.6 % 0.9 %
​ PVDF 0.7 % 1.0 % 0.7 % 1.0 % 0.7 % 0.9 % 0.6 % 0.9 %
Current 

Collector
Al foil 11.9 % 11.9 % 8.7 % 6.5 % 4.7 % 3.0 % 3.3 % 2.4 %
Cu foil – – – – 13.0 % 8.0 % 9.2 % 6.3 %

Electrolyte ​ 43.9 % (PEO- 
LiTFSI)

26.4 % (PEO- 
LiTFSI)

47.7 % (LLZO) 37.0 % (LLZO) 12.4 % 
(LiPF6)

13.0 % 
(LiPF6)

10.4 % (LiPF6) 10.7 % (LiPF6)

Separator PE/PP – – – – 4.8 % 3.7 % 3.4 % 2.9 %
Cell container PET/Al/PP 4.8 % 2.9 % 2.4 % 1.6 % 2.6 % 1.8 % 2.2 % 1.5 %
Total weight ​ 150 g 168 g 300 g 305 g 275 g 262 g 327 g 324 g
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This study also considers the use of recycled battery materials by 
incorporating recycling content in the input materials. This consider
ation is in line with recent EU declaratives on the levels of recycled 
content for critical battery materials such as cobalt (Co), nickel (Ni), and 
lithium (REGULATION 2023/1542, 2023; Neef et al., 2021). Recycling 
content for aluminum (Al) (European Aluminium, 2022), copper (Cu) 
(Born and Ciftci, 2024) and manganese (Mn) (Joint Research Centre, 
2024) are also considered. These secondary materials are assumed to be 
sourced from recycled batteries and are utilized in the upstream pro
cesses of battery production, in forms of lithium carbonate, cobalt sul
fate, nickel sulfate, manganese sulfate, Al (wrought alloy), as well as 
copper cathode (i.e., high-purity refined copper). Ultimately, they 
become part of the battery components such as cathode active material 
(NMC811 and LFP), Li foil anode, and electrolyte materials (PEO-LiTFSI, 
LLZO), as well as lithium hexafluorophosphate, aluminum and copper 
current collector foils, and aluminum pouch casings. Detailed assump
tions on recycled contents and modified production processes are pro
vided in the Supplementary Material (Section 2).

Combining two background scenarios (2.5 ◦C and 1.5 ◦C) with two 
battery design scenarios (baseline and optimal), four integrated sce
narios are defined to explore the future climate impact of ASSBs, as 
shown in Table 3.

3. Results and interpretation

This section is structured as follows: Section 3.1 uncovers the total 
climate impact of battery production across year 2025, 2030, 2040, and 
2050, while Section 3.2 analyzes the relative contributions of battery 
materials and energy flows to the total climate impact of batteries.

3.1. Climate impact

In 2025, ASSB NMC811 (LLZO) exhibits the highest climate impact 
among studied batteries, ranging from 42 to 71 kg CO2-eq/FU (Fig. 2). 
The climate impact of ASSB LFP (PEO-LiTFSI) ranges from 31 to 65 kg 
CO2-eq/FU, showing potential comparability with that of LIB NMC811 
(29–41 kg CO2-eq/FU) and LIB LFP (27–42 kg CO2-eq/FU). These values 
are lower than those reported in previous LCA studies, primarily due to 
differences in battery design, battery specific energy, production region, 
use of secondary materials (such as Li, Co, Ni, Al, Cu, and Mn), and the 
inclusion of projected decarbonization strategies under the 1.5 ◦C and 
2.5 ◦C scenarios modeled by REMIND. Among existing LCA studies on 
ASSBs, polymer-based ASSBs remain relatively unexplored. Only one 
study reported GHG emissions of 70–98 kg CO2-eq/kWh for an ASSB 
with LFP cathode and Li anode, although the polymer electrolyte was 
not specified (Vandepaer et al., 2017). For ASSBs with LLZO electrolytes, 
a pioneering study by Troy et al. (2016) reported GHG emissions of 
1045 kg CO2-eq/kWh for an ASSB using LCO cathode and Li anode, 
which is up to 23 times higher than our results. The high value was 
mainly due to the non-optimized battery design, leading to high pro
portion of non-active materials and low specific energy (87 W h/kg). Liu 
et al. (2024) analyzed an ASSB cell (310 W h/kg) with an LFP cathode, Li 
anode and LLZO electrolyte, estimating a climate impact of approxi
mately 133 kg CO2-eq/kWh.

Table 2 
Technical details of the studied pouch cell batteries under baseline and optimal scenarios.

ASSB LFP (PEO-LiTFSI) ASSB NMC811 (LLZO) LIB LFP LIB NMC811

Baseline Optimal Baseline Optimal Baseline Optimal Baseline Optimal

Anode thickness (single layer, μm) 30 20 30 20 70 49 42.5 63.5
Cathode mass loading (mg/cm2) 10 13.3 15 23.4 13.4 22.6 16.3 27.9
Electrolyte thickness (μm) 100 50 35 30 – – – –
Voltage (V) 3.5 3.5 4.15 4.15 3.2 3.2 3.57 3.57
Cell capacity (Wh) 26 46 95 136 46 57 74 107
Specific energy (Wh/kg) 171 274 316 446 166 216 227 331
Volumetric energy density (Wh/L) 248 443 916 1314 442 551 723 1031

Fig. 1. Specific energy and volumetric energy density of the studied batteries. Light purple and green represent values produced from baseline and optimal battery 
design scenarios, respectively. Square, circle, diamond, and triangle markers refer to ASSB LFP (PEO-LiTFSI), ASSB NMC811 (LLZO), LIB LFP, and LIB NMC811, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Scenario combinations.

Scenario names Background scenarios Battery design scenarios

2.5 ◦C - Baseline SSP2-NDC Baseline design
1.5 ◦C - Baseline SSP2-PkBudg500 Baseline design
2.5 ◦C - Optimal SSP2-NDC Optimal design
1.5 ◦C - Optimal SSP2-PkBudg500 Optimal design
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From 2025 onward, the climate impact is expected to decrease across 
all battery types due to increasing decarbonization under both 1.5 ◦C 
and 2.5 ◦C scenarios. By 2050, the projected reductions relative to 2025 
are: 31–35 % for ASSB LFP (PEO-LiTFSI), 32–34 % for ASSB NMC811 
(LLZO), 41–47 % for LIB LFP, and 44–47 % for LIB NMC811. Conse
quently, the projected 2050 climate impacts are 21–43 kg CO2-eq/FU 
(ASSB LFP), 28–47 kg CO2-eq/FU (ASSB NMC811), and 16–22 kg CO2- 
eq/FU for both LIB chemistries. These findings align with previous 
studies using prospective LCA methods (Xu et al., 2020; Zhang et al., 
2024). These reductions are largely driven by decarbonization of the 
electricity sector. According to REMIND, the share of renewable energy 
in European electricity generation increases from 58 % to 96 % (2.5 ◦C 
scenario) and from 67 % to 97 % (1.5 ◦C scenario) between 2025 and 
2050. As a result, the climate impact of medium-voltage electricity in 
Europe declines from 107 to 157 g CO2-eq/kWh in 2025 to 13.6–22 g 
CO2-eq/kWh in 2050. Additional reductions come from broader adop
tion of CCS in industrial power and heat generation, as well as the 
increased integration of recycled materials, particularly for 
high-emission metals.

Variation in the climate impact of ASSBs (represented by shaded 
ranges in Fig. 2) is primarily due to uncertainties in future battery 
design. Optimized designs reduce emissions by 45–47 % for ASSB LFP 
(PEO-LiTFSI), 34–35 % for ASSB NMC811 (LLZO), 20–23 % for LIB LFP, 
and 15–19 % for LIB NMC811, independent of year or scenario. Stronger 
climate targets (1.5 ◦C) and higher recycling rates can reduce emissions 
by 9–20 % for ASSB LFP (PEO-LiTFSI), 9–18 % for ASSB NMC811 
(LLZO), 9–27 % for LIB LFP, and 13–26 % for LIB NMC811.

These findings suggest that for ASSBs, design optimization is a more 
effective strategy for climate impact reduction than stricter climate 
targets or mineral circularity at this early development stage. In 
contrast, this does not apply to LIBs, as their design is relatively mature 
and has almost approached its limits for further improvement. This 
highlights the critical importance of design innovation in the early 
stages of emerging battery technologies.

3.2. Contribution analysis of studied batteries

Fig. 3 illustrates the contribution analysis under the four scenarios. 
Total climate impact is divided into contributions from component 
production (including cathode active material, anode active material, 
current collectors for both electrodes, and electrolyte), battery 
manufacturing energy, and other components (e.g., binders, conductive 
additives, battery casing, etc.). Since battery design is assumed constant 
over time, design scenarios only affect the overall climate impact and 
the relative contributions of material and energy flows at a given year. 
The overtime changes in relative contributions arise solely from back
ground scenarios (e.g. climate targets and recirculating minerals).

Solid electrolytes (PEO-LiTFSI and LLZO) are the main contributors 
to the climate impact of ASSBs, accounting for 28–55 % in ASSB LFP and 
48–67 % in ASSB NMC811 across all years and scenarios. These envi
ronmental hotspots are consistent with earlier studies (Mandade et al., 
2023). The high contribution arises from both their high production 
emissions (8–10 kg CO2-eq/kg for PEO-LiTFSI; 19–27 kg CO2-eq/kg for 
LLZO) and their substantial mass fractions (26–44 wt% in ASSB LFP and 
37–48 wt% in ASSB NMC811), compared to only 10–13 wt% for liquid 
electrolytes in LIBs (Table 1).

Within PEO-LiTFSI, LiTFSI production contributes up to 84 % of total 
emissions, while methyl chloride accounts for up to 27 %. Although 
LiTFSI is the most widely used salt due to its solubility in PEO and good 
ionic conductivity, it is not indispensable. Alternative electrolyte salts 
could be explored to lower the climate impact. For instance, Wickerts 
et al. (2023) reported a 60 % climate impact reduction in lithium-sulfur 
batteries by replacing LiTFSI. For LLZO, lanthanum oxide production is 
the major contributor, accounting for up to 90 % of its emissions, with 
significant inputs from precursor materials such as citric acid, ammo
nium sulfate, and ammonium bicarbonate.

Cathode active materials also play a crucial role, contributing 13–26 
% of the total impact for ASSB LFP (PEO-LiTFSI) and 19–36 % for ASSB 
NMC811 (LLZO). Their contribution is even more significant in LIBs, at 
24–37 % for LIB LFP and 48–63 % for LIB NMC811. The impact of 
NMC811 is associated to the extraction of minerals and processing of 
materials like nickel sulfate, cobalt sulfate, and lithium hydroxide (Xu 
et al., 2022).

Li foil, used as the anode in ASSBs, contributes 14–27 % of the total 
emissions in ASSB LFP (PEO-LiTFSI) and 3–10 % in ASSB NMC811 
(LLZO), despite comprising only 4.4–5.5 wt% and 2.4–4 wt% of these 
batteries. The future climate impact of Li production is 18–55 kg CO2- 
eq/kg, with up to 78 % of that attributed to lithium chloride (LiCl) 
production, and the remainder to electricity use in electrolysis. This high 
impact is due to the large amount of LiCl required for pure Li production, 
with 6.6 kg of LiCl needed to produce per kg of Li. Battery 
manufacturing energy use contributes 3–7 % of total ASSB emissions, 
varying by year and scenario, but plays a larger role in LIBs, particularly 
for LIB LFP, where it accounts for 14–27 % of the total emissions. The Al 
current collector contributes 9–12 % in ASSB LFP (PEO-LiTFSI) and 3–4 
% in ASSB NMC811 (LLZO).

Battery design changes have significant effects on climate impact 
contributions. In ASSB LFP (PEO-LiTFSI), optimal design reduces elec
trolyte contribution from 41-55 % to 28–39 %, while increasing cathode 
impact from 13-14 % to 24–26 %. In ASSB NMC811(LLZO), optimal 
design reduces electrolyte contributions from 58-67 % to 48–57 %, 
while cathode contribution rises from 19-24 % to 29–36 %. This can 
mainly be attributed to the reduced electrolyte thickness. A similar 
finding was also indicated in Zhang et al. (2022). Between 2020 and 

Fig. 2. Climate impact results per kWh of battery capacity for studied batteries at different years under four distinctive scenarios. The shaded blue area illustrates the 
disparity in climate impacts resulting from different scenarios. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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Fig. 3. Relative contributions of battery materials and energy use to the overall climate impact for four battery types under four scenarios. The scenarios consider 
changes in future battery design, energy-intensive production processes, and the use of secondary materials.
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2050, electrolyte contributions increase slightly (e.g. 5–8 % in ASSB 
NMC811; 6–11 % in ASSB LFP), while anode and cathode active mate
rials contributions decline (e.g., 7–10 % decrease in anode impact in 
ASSB LFP). These results illustrate how evolving battery designs, dec
arbonized supply chains, and recirculate materials dynamically reshape 
the environmental profile of next-generation batteries.

4. Discussion

Previous studies have reported that the GHG emissions associated 
with ASSBs are generally higher than those of LIBs, largely due to the 
early development stage of ASSB technologies (Mandade et al., 2023). 
This study showed that even with future technology improvements and 
potential changes in the background production processes (for both 
ASSBs and LIBs), the climate impact of ASSBs with PEO-LiTFSI and LLZO 
electrolytes are likely to remain higher or at best comparable to that of 
LIBs.

Comparing the optimal battery design to the baseline, the specific 
energy increased by 60 % for ASSB LFP (PEO-LiTFSI) and by 47 % for 
ASSB NMC811 (LLZO). In the baseline design scenario, the ASSBs’ 
specific energy fall below market expectations, while the optimal de
signs meet or exceed the projected expectations (Table 2). Previous 
studies have discussed that the market expects a minimum specific en
ergy requirement of 350 W h/kg for the first generation of commercial 
ASSB (Frith et al., 2023; Schmaltz et al., 2022; Tian et al., 2021), with 
the potential for increasing this value in future designs (Randau et al., 
2020). This suggests that the climate impact of ASSBs is more likely to 
fall into the lower range and has the potential to be reduced beyond the 
values reported in this study.

It is important to note that the parameters employed in the optimal 
design scenario represent potential achievable designs under current 
technological conditions rather than the performance limits of these 
battery technologies. By reducing the electrolyte layer thickness to re
ported minimal values (20 μm for LLZO and 25 μm for polymer-based 
electrolytes) (Kravchyk et al., 2021; Lennartz et al., 2023), while 
keeping other parameters constant, our model suggests that ASSBs could 
achieve climate impacts close to those of LIBs (see the shaded pink area 
in Fig. 4), although not necessarily lower.

The discussion above highlights the substantial climate benefits 
achievable through optimized battery design. Measures such as 
increasing cathode mass loading/areal capacity and reducing the 
thickness of non-active components including the electrolyte, anode, 
current collector, and cell casing, can significantly reduce both GHG 
emissions and material uses. These design modifications also increase 
energy density, further reducing climate impact per FU.

Optimized designs not only reduce environmental burden but may 
also offer economic advantages through lower material input amount. 

Moreover, higher energy density aligns with market needs such as 
longer driving ranges. However, achieving such designs may require 
more advanced manufacturing infrastructure and greater capital in
vestment, especially to handle the precision and stability required for 
thin-layer solid electrolytes and anode foil. Despite the potential trade- 
offs, these improvements could facilitate market entry, especially if cost 
parity with LIBs is achieved through economies of scale, which some 
forecasts suggest could occur as early as 2030 (Thomas et al., 2024).

This study has several limitations. First, the analysis focuses on 
battery cells and does not extend to the battery pack level. Solid-state 
electrolytes generally offer greater thermal stability compared to 
liquid electrolytes, reducing the need for active thermal management 
systems. This could result in higher specific energy at the pack-level and, 
consequently, lower climate impacts per FU. Furthermore, improved 
thermal stability can enhance performance under extreme operating 
conditions, including high temperatures, which can thereby aid fast 
charging. Second, this study does not account for the battery use phase. 
ASSBs are expected to follow different degradation mechanisms than 
LIBs and may offer longer cycle life due to the reduced degradation 
mechanisms such as electrolyte decomposition, electrode dissolution, 
and other side reactions. While some reports suggest that ASSBs can 
retain 90 % of their capacity after 5000 cycles (Crawford, 2022), expert 
opinion within the author team remains cautious due to concerns about 
energy efficiency, Coulombic efficiency, as well as the mechanical 
fragility of the solid electrolyte, under harsh operation conditions and 
especially vibrations. Further studies are needed to evaluate real-world 
durability.

To provide a more comprehensive view of the environmental per
formance of the ASSBs, we roughly estimated use-phase GHG emissions. 
It was assumed that ASSB NMC811 and LIB NMC811 are used in SUVs 
with 100 kWh battery packs, while ASSB LFP and LIB LFP are used in 
electric buses with 400 kWh battery packs. Using a FU of 1 kWh of stored 
energy over the battery’s lifetime, results indicate that the use-phase 
emissions of ASSBs can be comparable to those of LIBs. When 
comparing use-phase and production-related emissions, ASSB NMC811 
shows a use-phase impact equivalent to 0.5–0.9 times its production 
emissions, while for ASSB LFP the ratio ranges from 1.3 to 2.8 under the 
studied scenarios. Detailed assumptions and calculations are provided in 
Supplementary Material (Section 4).

While this study focuses on climate impact, it is also important to 
consider the potential impacts associated with the use of critical ele
ments in ASSBs, such as pure lithium for anodes and rare earth elements 
in solid electrolytes. To address this, calculations were conducted on the 
raw materials required for producing ASSB-powered EVs between 2030 
and 2035, based on EV sales projections under the IEA’s Announced 
Pledges Scenario (IEA, 2024). It was assumed that 10 % of light-duty EVs 
would be powered by the ASSB NMC811 (LLZO), and 50 % of electric 

Fig. 4. Climate impact results per kWh of battery capacity for studied batteries at different years under four distinctive scenarios. The shaded pink area illustrates the 
climate impact of ASSBs using an extra thin electrolyte layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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buses sold would be powered by the ASSB LFP (PEO-LiTFSI) during this 
period (Detailed assumptions in Supplementary material, Section 4). 
The results suggest that light-duty EVs and electric buses powered by 
ASSBs demand more lithium, lanthanum, and zirconium, while 
requiring less Ni, Mn, and Co than LIBs would need to provide the same 
service (Table S19 in Supplementary Material). Compared to current 
global annual production levels, the additional demand for lithium, 
lanthanum, and zirconium corresponds to 3.3 times, 41.5 times, and 76 
% of current global annual production, respectively. These findings thus 
highlight the need to critically assess whether the raw materials for these 
chemistries can be made available at scale, especially for lanthanum. To 
ensure long-term sustainability, it is essential to improve material effi
ciency in battery design, scale up mining and processing capacity for 
critical ASSB materials, and advance high-efficiency recycling technol
ogies. From a technological standpoint, recycling methods for ASSBs are 
still in early stages of development and will require further research and 
industrial investment to scale. While some preliminary routes show 
promise, most existing recycling infrastructure is not currently equipped 
to efficiently handle ASSB-specific materials (Ahuis et al., 2024).

Although the EU has regulations for the mandatory recycling of 
critical minerals within batteries, these currently do not cover rare earth 
elements. With over 80 % of rare earth elements being mined and pro
cessed in China, and considering the projected demand for these mate
rials in all-solid-state batteries (ASSBs), it is crucial to include them in 
regulatory frameworks to ensure a resilient supply chain. Advancing 
specialized recycling technologies and establishing regulatory mecha
nisms tailored to solid-state chemistries will therefore be essential to 
enable circularity in the ASSB value chain.

Driven by market demand and investment, particularly in regions 
such as North America where high-range EVs are preferred, the devel
opment of solid-state batteries has become an inevitable aspect of 
technological progress (IEA, 2024). To reduce their overall climate 
impact and support responsible growth, the following strategies should 
be prioritized.

Therefore, continuous efforts to refine the material production pro
cesses and enhance the material efficiency of solid-state batteries are 
needed to reduce their overall climate impact. Based on our analysis, 
feasible strategies for achieving sustainable development in ASSBs are: 

1. Improving battery design by reducing the thickness of non-cathode 
layers and increasing cathode areal capacity.

2. Decarbonizing production processes, especially for solid electrolyte 
materials, by developing cleaner methods, exploring alternative 
materials, and integrating CCS technologies.

3. Increasing the recycling systems, especially for rare earth elements. 
Enhancing recycling within the EU can strengthen the supply chain, 
reduce dependency on primary extraction and climate impact.

Policy and regulatory support can play a key role in this transition. 
Existing frameworks may need to be extended or updated to address rare 
earth elements used in ASSBs. Additionally, policies that incentivize the 
use of renewable energy and impose stricter standards on emissions can 
drive the industry towards more sustainable practices.

The scope of this study focuses on climate impacts associated with 
battery production in Europe. Caution is needed when generalizing 
these results to other regions. The climate impact of ASSBs can vary 
significantly depending on the electricity mix used in battery 
manufacturing and the pace of regional decarbonization. For example, 
under the 2.5 ◦C scenario in 2025, approximately 33 % of the U.S. 
electricity mix is sourced from gas, 43 % of China’s electricity comes 
from coal, and only 21 % of electricity in Europe is generated from fossil 
fuels (including gas, coal, and oil).

5. Conclusions

Based on the functional unit of 1 kWh of battery capacity, ASSB 

NMC811 (LLZO) presents a higher climate impact than lithium-ion 
batteries (LIBs), while ASSB LFP (PEO-LiTFSI) shows the potential for 
a comparable climate impact to LIBs. Optimizing battery design can 
significantly reduce the climate impact of ASSBs. The solid-state elec
trolyte and cathode active materials are main contributors to the climate 
impact of both ASSBs, with the anode and current collector being 
particularly significant in polymer-based ASSBs. From 2025 to 2050, the 
climate impact of all studied batteries is expected to decrease due to 
decarbonization efforts and the increased use of secondary materials. 
Key strategies for reducing the climate impact of ASSBs include opti
mizing battery design such as minimizing the weight of non-cathode 
layers, replacing high impacts materials, and developing cleaner pro
duction processes. The results also indicate that for studied ASSBs, 
battery design improvements may have a more significant influence on 
reducing the climate impact than enhancements in upstream production 
processes (such as decarbonization of energy intensive processes and use 
of secondary materials). The large-scale development of ASSBs also re
quires careful assessment of their material demand.
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