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Broader Context

Electric vehicles are critical to global decarbonization strategies, but the batteries that power them
are still energy and resource intensive to produce and recycle. Although all-solid-state batteries
(ASSBs) are widely promoted as a safer, higher-energy-density alternative to current lithium-ion
batteries (LIBs), their life cycle environmental impacts, especially given the early stage of
recycling technologies, remain underexplored. This work evaluates the life cycle energy use and
greenhouse gas emissions of ASSBs relative to conventional LIBs using a prospective recycling
design and uncertainty analysis. We find that the environmental performance of ASSBs depends
strongly on their operational lifetime and on how they are deployed. Simply replacing LIBs with
ASSBs does not guarantee climate benefits, and using their higher energy density only to extend
driving range offers limited environmental advantage. However, when paired with strategies that
improve vehicle efficiency, such as lightweighting and aerodynamic design, ASSBs can support
lower life cycle emissions. These insights are relevant to policymakers, industry, and researchers
developing next-generation batteries, highlighting the need to align battery innovation, recycling

capability, and vehicle efficiency standards to deliver meaningful climate benefits.
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Abstract: All-solid-state batteries (ASSBs) are emerging as a next-generation, high energy density
and safer alternative to Lithium-ion batteries (LIBs), yet their environmental impacts, especially
during recycling, remain underexplored. Conventional LIBs dominate today’s EV market, but their
production is energy- and resource-intensive. This study develops a prospective recycling process
for ASSBs with NMC811 cathodes, lithium-metal anodes, and LizPS, electrolytes, and compares
their life cycle energy and climate impacts with NMC81 1/graphite LIBs. The use phase dominates
impacts for both battery chemistries. Using a Monte Carlo analysis to consider uncertain impacts,
we find that on a per-cell basis, ASSBs exhibit higher environmental burdens during recycling
than LIBs. When normalized by lifetime energy delivered, energy consumption depends strongly
on lifespan: ASSBs show significantly higher energy use if their lifetime is half that of LIBs,
whereas comparable or extended lifetimes yield no significant reduction in energy use. Grid carbon
intensity and vehicle fuel economy play a substantial role in overall environmental impact, as they
directly influence the energy use and greenhouse gas emissions associated with battery use. ASSBs
can be a more sustainable option if used for lightweighting or aerodynamic vehicle designs, but do
not offer significant environmental benefits over conventional LIBs at the battery cell level. From
a policy perspective, realizing the sustainability potential of ASSBs depends less on chemistry
alone and more on system-level efficiency improvements, supportive integration frameworks, and
realistic performance lifetimes.

Keywords: battery recycling, solid electrolyte, lithium-metal anode, battery aging, battery

lifespans
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1. Introduction

Electric vehicles (EVs) can improve public health and help mitigate climate change by
reducing urban air pollution and greenhouse gas (GHG) emissions.! Reflecting this potential,
global EV sales have grown rapidly over the past decade, reaching over 17 million vehicles in
2024 and accounting for 20% of all new car sales that year.?

Among various battery technologies used in electric vehicles, Lithium-ion batteries (LIBs)
currently dominate EV applications due to their reliability, lifespan, energy, and power density.>
However, their production processes are highly energy- and resource-intensive, contributing
substantially to overall life cycle environmental impacts. Recycling can recover a fraction of the
materials, yet the recycling processes themselves also demand considerable energy and resources.
45 All-solid-state batteries (ASSBs) have recently emerged as a promising next-generation
technology. In contrast to conventional LIBs, ASSBs use solid rather than liquid electrolytes,
which enables the use of lithium metal anodes, resulting in higher energy density, improved safety,
and greater stability.®” At the vehicle level, this could translate to battery packs with the same
volumetric footprint, but increased energy storage capacity, increasing vehicle range. However,
these technological advances raise an important question: can ASSBs deliver better environmental

outcomes than conventional LIBs? To address this question, life cycle assessment (LCA) provides

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a widely applied framework to evaluate environmental impacts, identify critical hotspots, and

guide sustainable battery development.?
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Previous LCA studies have extensively examined the environmental impacts from the
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production and recycling of conventional LIBs.>*-'7 However, LCAs of ASSBs remain
underexplored.'® A few studies have assessed the material requirements and environmental
impacts of producing ASSBs with lithium-metal anodes and various cathode chemistries (e.g.,
layered oxides, Lithium Iron Phosphate), combined with sulfide-based '°2! or oxide-based 92226
solid electrolytes. The system boundaries of these studies generally extend from cradle (raw
material extraction) to the factory gate (manufactured battery cells), without considering the use
phase or end-of-life recycling. One reason for this omission is that ASSB recycling has not yet
been established and remains at an early research stage.?!-?

Compared to LIBs, ASSBs present unique recycling challenges: lithium-metal anodes are
highly reactive, and the adhesive nature of lithium foil prevents practical mechanical separation;

composite cathodes are tightly integrated with solid electrolytes and protective coatings,
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complicating selective recovery; and solid electrolytes themselves pose difficulties, as polymers
exhibit low conductivity, oxides require energy-intensive sintering and rely on scarce elements,
and sulfides are highly moisture-sensitive and can release toxic gases.”® Some studies propose
potential recycling strategies by assuming the lithium anode is fully depleted at the end of battery
life, thereby avoiding the challenges of reactive lithium metal and simplifying subsequent
separation and recovery.?** However, the assumption is idealized and may not reflect practical
scenarios. If any residual lithium remains, it can cause severe safety issues. Another study suggests
reacting residual lithium metal with CO,, to form stable lithium carbonate.?! Yet, partial conversion
generates a Li,COj3 passivation layer that slows further reaction, leaving residual Li with ignition
risks and obstructing subsequent processing.3>3

Given the absence of established recycling methods and corresponding LCAs for ASSBs, this
study proposes a potential process design that integrates safety measures, material separation, and
recovery pathways. Building on this design, this study performs cradle-to-cradle LCAs with Monte
Carlo simulations to evaluate and compare the energy and climate impacts of ASSBs and LIBs
across raw material extraction, manufacturing, use, and recycling. This study also examines
multiple retirement scenarios defined by battery state-of-health (SOH) thresholds and lifespan
variations to assess the effect of lifetime assumptions on environmental performance. From the
LCA results, this study identifies key environmental hotspots and proposes targeted sustainability
interventions to mitigate these burdens.

This study thus provides one of the first systematic assessments of prospective recycling
pathways for ASSB cells, offering insights into their life cycle environmental implications. The
results can inform policymakers and industry stakeholders about the comparative environmental
performance of next-generation ASSBs relative to conventional LIBs. This study also underscores
the importance of integrating recyclability considerations into early-stage ASSB design and

evaluating the feasibility of emerging recycling technologies.

2. Materials and Methods

This study conducts a comparative LCA of conventional LIBs and ASSBs battery cells,
following the four-step framework outlined in ISO 14040 and 14044. Monte Carlo simulation is
employed to capture uncertainties in the variables, while scenario analysis is used to examine the

effects of retirement timing and battery lifespan. The variables used in the Monte Carlo analysis
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come from established impact factors, such as the energy and emission intensities reported in
GREET, BatPaC, and published LCAs, and from material and energy consumption data describing
the bill of materials, process energy use, and recycling requirements reported in production

datasets and experimental studies.

2.1. Scope

This study assumes Nickel Manganese Cobalt oxide (NMC-811; 80% Ni, 10% Mn, 10% Co)
as the cathode for both battery cells. The anode is modeled as graphite in LIBs and lithium metal
in ASSBs, while the electrolytes are LiPFq in LIBs and LizPS, in ASSBs. These assumptions
reflect configurations widely adopted in commercial practice and in prior studies.>?° To ensure a
consistent cell sizing basis, this study assumes a nominal 100 kWh battery system consisting of
400 cells, corresponding to a nominal cell energy of 250 Wh per cell. The analysis, however,
focuses exclusively on individual cells, and pack-level components are excluded from the system
boundary.

The system boundary of this LCA study is shown in Figure 1. It begins with the raw material
production phase of the battery cell components, including the extraction and processing of

electrode materials, electrolytes, separators, and other auxiliary materials. It then covers the cell

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

manufacturing stage, where active and supporting materials are assembled into complete cells. The

use phase accounts for electricity consumption over the operational lifetime of the cells. Finally,

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 5:09:59 AM.

the end-of-life stage is modeled as a recycling process in which recovered materials are
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reintegrated into the production of new batteries. Transportation-related impacts are excluded from
the system boundary because their contributions are negligible relative to other processes.®> This
cradle-to-cradle framework enables a consistent and comprehensive comparison of LIB and ASSB

cells across all life cycle stages.
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Figure 1. Cradle-to-cradle system boundary for this battery LCA.

The environmental impact indicators assessed are greenhouse gas emissions (GWP100,
reported as kg CO,.) and energy consumption (kWh). This study uses four functional units:
impacts per cell, per lifetime kilowatt hour delivered, per lifetime mile driven, and per kWh battery
capacity. The product-based functional unit (per cell) provides an absolute measure of material
and energy flows across the battery life cycle, enabling direct technological comparison. The
service-based functional unit (per lifetime kWh delivered) normalizes impacts by total energy
throughput, thereby accounting for differences in battery lifetime and avoiding comparisons
between systems delivering unequal service. Impacts per lifetime mile driven further translate
results into a mobility-service perspective relevant to end users and policy analysis. Finally,
normalization per kWh battery capacity facilitates comparison with existing battery LCA studies,

where this metric is commonly reported.

2.2. Life Cycle Inventory

2.2.1. Cell Material Production
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The bill of materials (BoM) for a conventional LIB cell is derived from BatPaC 5.2, a software
tool that models LIB production costs and provides associated material and energy consumption
data.?* Since BatPaC 5.2 does not provide direct data for ASSBs, this study adopts an alternative
approach based on a previous study,?>-¢ adjusting the LIB parameters in BatPaC to better reflect
ASSB characteristics. Specifically, key electrochemical and structural parameters were modified
to represent the use of lithium metal anodes and dense solid electrolytes in ASSBs. Voltage
windows and electrode-specific capacities were updated to reflect the extended electrochemical
stability window of solid electrolytes and the higher specific capacity of lithium metal (3600
mAh/g). The N/P ratio, defined as the capacity ratio between the negative and positive electrodes,
is reduced from 1.1 in LIBs to 1 in ASSBs to represent a near-stoichiometric lithium metal anode
configuration with minimal excess lithium. In conventional LIBs, the N/P ratio is typically
designed slightly above unity to prevent lithium plating and compensate for irreversible lithium
losses,?” whereas ASSBs with lithium metal anodes can operate near stoichiometry because the
metallic lithium itself serves as the lithium reservoir.®® Structural parameters, including electrode
and separator porosity, separator thickness, and density, were adjusted to reflect the replacement
of porous liquid-electrolyte-based separators with dense solid electrolytes. Additionally,

electrolyte density and base area-specific impedance were modified to account for the higher

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

density and typically higher interfacial resistance of solid-state systems.

Separately, our study explores the influence of the upper-cutoff voltage (UCV) for both LIBs

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 5:09:59 AM.

and ASSBs. Increasing the UCV can enhance specific capacity and reduce the cost and mass of
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cells and packs,? but it also accelerates structural degradation of the cathode active material and
decomposition of electrolytes.?>#? In the BatPaC model, UCV directly influences electrode sizing
and specific energy calculations, thereby affecting the resulting material quantities in the BoM. To
capture this energy—degradation trade-off, a triangular distribution is applied to the UCV parameter,
with the lower UCV serving as both the baseline and minimum case due to its higher stability. For

each UCV scenario, the corresponding cell design and BoM are internally recalculated by BatPaC.

Table 1 summarizes the parameter modifications used to approximate ASSB configurations within
BatPaC. Key cell-level parameters, including mass, volume, nominal capacity, nominal energy,

and voltage limits, are provided in Table S2. The corresponding components and BoMs for LIBs
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and ASSBs are listed in Tables S3 and S4, while the embodied energy consumption and emission

factors of materials are reported in Tables S5-S7.

Table 1. Parameter adjustments in BatPaC 5.2 to model ASSB cells

Parameters LIB ASSB
Upper Cutoff Voltage (V) 4.25t04.8 4.37 to 4.87
Average Voltage (V) 3.71t03.75 3.83to 3.86
Active Cathode Material Specific Capacity (mAh/g) 214 to 235 216 to 235
Active Anode Material Specific Capacity (mAh/g) 360 3600
N/P Ratio 1.1 1
Negative Porosity 0.25 0
Separator Porosity 0.5 0
Electrolyte Density (g/cm?) 1.2 1.5
Separator Density (g/cm?) 0.47 1.5
Separator Thickness (pum) 15 25
Base Area-Specific Impedance at 50% (Q-cm?) 146to0 152 50

2.2.2. Battery Cell Manufacturing

BatPaC 5.2 34 provides detailed processes and the energy consumptions for manufacturing a
LIB cell. First, positive and negative electrode materials are prepared and mixed, followed by
electrode coating and calendaring to achieve the desired density and porosity. The electrodes are
then notched to the required dimensions and subjected to vacuum drying to remove residual
solvents and moisture. After drying, the electrodes are slit, stacked, and connected through current
collector welding. The assembled cells undergo X-ray inspection to ensure structural integrity
before being inserted into their containers. Electrolyte filling and cell sealing are performed in a
controlled dry room environment to minimize contamination by moisture. Finally, formation
cycling is carried out to stabilize electrochemical performance and establish a solid electrolyte
interphase (SEI) on the electrodes. This sequence of processes ensures that LIB cells meet the
necessary requirements for energy density, safety, and long-term cycling stability. The electricity
consumption of each step is shown in Table S8, based on data from a factory producing 500,000
batteries with the same configuration as those in this study.?*#!

The manufacturing process for ASSB cells is derived from a previous study?! and shares
several similarities with the steps used in LIB cell production. Lithium foil for the anode is
prepared through thermal evaporation,*? while the cathode and the sulfide solid electrolyte are

mixed and coated onto current collectors, followed by calendaring to optimize density and

Page 8 of 30


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6eb00058d

Page 9 of 30 EES Batteries

View Article Online
DOI: 10.1039/D6EB00058D

interfacial contact. The coated layers are slit and notched, after which the electrodes and electrolyte
are stacked into multilayer assemblies, pressed to improve ionic conductivity, and welded and
sealed following insertion into containers. Quality assurance is performed by X-ray inspection,
and because the solid electrolyte is already integrated, no liquid filling is required. All steps are
carried out under dry-room conditions to prevent moisture contamination, and formation cycling
is performed as the final quality control step prior to ageing. Table S9 specifies the electricity

consumption calculation in each step.

2.2.3. Use Phase

With repeated charge-discharge cycling, the remaining capacity of a battery relative to its
initial capacity (state of health, SOH) declines over time.*3> Additionally, the energy efficiency,
which is defined as the ratio of discharge energy to charge energy, gradually decreases as internal
resistance increases.** This simultaneous loss of capacity and efficiency ultimately shortens the

useful lifetime of the battery. The corresponding charging and discharging energies are calculated

n
chargetota zv (1000) SOHi
=1

l

as:
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the average voltage (3.74 V), IC is the initial capacity (66.92 Ah), SOH; is the state of health at
cycle i, and EE; is the energy efficiency (%) at cycle i. The energy efficiency is further calculated
using the empirical relationship 4°:

EE = 95.82 — 0.2303 X (1 — SOH)

The SOH-cycle number relationship at room temperature for LIBs is derived from a previous
experimental study,*® using NMC/graphite electrodes, the same configuration adopted in this study.
Data about aging behavior of ASSBs is much less common, with most studies focusing on shorter-
term cycling or using rapid aging approaches under high-temperature conditions (100 °C),%” so we
cannot directly model a SOH-cycle number relationship for long-term cycling of ASSBs from
ASSB empirical data. Our study therefore applies an alternative approach: the aging curve of

ASSBs at room temperature is assumed to follow the shape of the curve measured at 100 °C, while
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the lifespan (defined as the cycle number to reach 80% SOH) is taken to be half, equal to, or twice
that of LIBs. We consider three lifespan scenarios because, although the objective of ASSBs is to
achieve stable, long-term cyclability, today their lifespan may be shorter due to lithium metal
anodes being susceptible to solid-phase dendrite growth and interfacial instability, which can limit
battery performance.*® In addition, four retirement scenarios are considered for each battery type,
with retirement occurring at SOH thresholds between 80% and 65%. Such thresholds are widely
applied in practice: 80% SOH is typically used as the end-of-life criterion for EV applications,*
while lower thresholds may be acceptable in certain cases. By combining the three lifespan
assumptions with the four retirement thresholds, a total of 12 scenarios is modeled to
systematically explore how aging and replacement strategies affect unit environmental impacts.

The lifetime miles driven (D) are calculated from the fuel economy (FE, kWh/mile) and the
total discharging energy (kWh) using the following equation:

Edischarge,total
FE

The fuel economy of EVs is derived from FuelEconomy.gov,>° which provides representative

efficiency data for 2026 model-year all-electric vehicles. The detailed fuel economy data is shown
in Table S1. In this study, the lower quartile of fuel economy (0.34 kWh/mile) is defined as the
low energy consumption scenario, the median value (0.39 kWh/mile) represents the median
scenario, and the upper quartile (0.43 kWh/mile) characterizes the high energy consumption

scenario.

2.2.4. End-of-Life Recycling

This study assumes hydrometallurgical recycling for LIBs, as it is one of the most used
methods in the industry.'* The hydrometallurgical recycling process includes five main steps:
pretreatment, crushing of cathode materials and binder removal, filtration and calcination of the
cathode, grinding of the calcined product, and environmentally friendly leaching and metal
recovery.’!3? The detailed recycling process and the corresponding energy and material inputs for
one LIB cell are provided in Text S1 and Table S10.

For ASSBs, where recycling supply chains do not yet exist, we use a literature-informed model
based on previously reported selective extraction and precipitation reactions. The spent battery is

first discharged, after which we propose a component separation method based on successive
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solvent extractions and precipitation reactions. Metallic lithium is first dissolved in a solution of
naphthalene (Naph) and 1,2-dimethoxyethane (DME), after which the mixture is filtered to isolate
the Li-naphthalene solution 33-35 from the residual black mass. Notably, prior studies report that
the Naph-DME solution selectively dissolves the lithium anode while leaving the LisPS, solid
electrolyte mostly intact, without inducing degradation.>®>”7 Excess FeCl;z 8 is then introduced
into the Li-Naph solution, followed by thorough stirring and the addition of water, which produced
a reduced Fe precipitate that is removed by filtration. The resulting filtrate is subsequently treated
with NaOH to form a solid Fe-species by-product, which is collected by filtration. Addition of
Na,CO3 to the remaining solution yielded a Li,COj3 precipitate that is washed with water and
retained. Finally, the solvent mixture is subjected to vacuum distillation, enabling recovery of
DME (85 °C) and naphthalene (220 °C).

The residual black mass, separated from the Li-Naph solution, is rinsed with DME and dried
at 90 °C to remove organic solvent residues. The dried material is then treated with N-
methylformamide (NMF) to selectively dissolve LisPS,,%” followed by filtration. The filtrate is
subjected to controlled solvent evaporation to induce recrystallization of LisPS,, which is
subsequently collected and dried. The remaining solid (mainly Cathode paste, Al, and Cu) fraction

is rinsed with ethanol and dried again at 90 °C. The remaining solid is recycled using the same

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

hydrometallurgical method as in LIBs. Figure 2 illustrates the proposed recycling flow for all-

solid-state batteries (ASSBs). Gray boxes represent spent cells (feedstocks), yellow boxes indicate

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 5:09:59 AM.

auxiliary materials or additives, blue boxes denote intermediates formed during the process, and
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green boxes show the recovered products. The detailed process, along with material and energy

inputs and the corresponding environmental impact factors, is provided in Text S2 and Tables S11.
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Figure 2. Proposed recycling process flowchart for ASSBs.
3. Results and Discussion

3.1. Energy and GHG Emissions per Battery Cell

Figure 3 compares the life-cycle energy consumption and GHG emissions of LIBs and ASSBs
per cell retiring at 80 % SOH. Each bar is decomposed into three components: Use Phase (orange),
Other Phases (teal; including raw-material extraction, manufacturing, and end-of-life recycling),
and Recovered Materials (green; shown as credits). The dot and error bars indicate the median and
95 % confidence interval of the total net environmental impacts, after accounting for the recovered-
material credits. The ASSB is assumed to have a comparable lifetime to that of a conventional
LIB.

The median net energy consumption per cell is 291 kWh for the LIB and 229 kWh for the
ASSB. For both batteries, the use phase dominates the life-cycle energy demand, accounting for
more than 80% of the total. The higher use-phase burden of the LIB arises from its slower
degradation rate, which means the LIBs deliver more lifetime stored energy, which leads to greater
energy consumption during the use phase compared with the ASSB. When the use phase is
excluded, the remaining life-cycle energy consumption is slightly lower for the LIB (40 kWh) than
for the ASSB (45 kWh).
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Similarly, for GHG emissions, the median net values are 111 kg CO,, per cell for the LIB and
84 kg CO,. for the ASSB. In both cases, the use phase constitutes the dominant contributor. The
range of the 95% confidence interval for net GHG emissions is larger than that for net energy

consumption, which can be attributed to the substantial variation in regional grid carbon intensity

in the US.
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Figure 3. Life-cycle energy consumption (a) and GHG emissions (b) per battery cell for
conventional LIBs and ASSBs retiring at 80% SOH.
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Figure 4 provides a breakdown of life-cycle energy consumption per battery cell by phase and
component. The error bars represent the 95% confidence intervals derived from Monte Carlo

simulations. The results shown exclude the use phase to better highlight differences in upstream

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 5:09:59 AM.

and end-of-life processes. In each group, the left bar corresponds to the LIB, and the right hatched

(cc)

bar corresponds to the ASSB. For visual clarity, the recovered-materials contributions, which are
negative values in the life-cycle inventory, are plotted above the x-axis.

Excluding the use phase, raw-material extraction represents the largest contributor to life-
cycle energy consumption for both LIB and ASSB cells, with total values of approximately 39
kWh and 36 kWh, respectively. The similar magnitude of energy demand in this phase arises
because the major mass-contributing components, including the cathode, terminal, and container
materials, are composed of comparable substances in both batteries. ASSBs show reduced impacts
because the transition to lithium metal offsets the need for graphitic carbon anode material, which
is a larger savings than the additional energy required to produce the solid-state electrolyte. The

manufacturing stage shows a similar level of energy demand for the two chemistries, around 7 to
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9 kWh per cell, indicating that the additional process steps for solid-electrolyte integration in
ASSBs do not substantially increase total manufacturing energy.

By contrast, the EoL recycling stage shows a more pronounced difference between the two
systems. The ASSB requires about 19 kWh per cell, nearly three times that of the LIB (7 kWh per
cell). This higher recycling energy demand results from the greater number of materials involved
and the more complex process steps, which make the overall recovery procedure both material-
and energy-intensive. In particular, the separation of the anode and solid electrolyte requires
additional solvent treatment, crystallization, distillation, drying, and filtration steps, all of which
significantly increase electricity and thermal energy use. Nevertheless, the ASSB also yields a
larger quantity of recovered products, especially from the electrolyte and anode, which are largely
discarded as waste in the LIB system. As a result, the higher recycling energy demand of the ASSB
is partially compensated by its greater recovered-materials credit (-19 kWh vs -13 kWh).

In the raw material extraction, EoL recycling, and recovered-material phases, cathode
materials, mainly NMC811, dominate the energy profile of both batteries, accounting for the
majority of total energy consumption. The high energy contribution of NMCS811 arises from four
main factors. First, its composition features high nickel and lithium contents, and the mining,
refining, and precursor production of these metals are highly energy intensive.’*%° Second,
NMCS811 is synthesized through a co-precipitation process followed by high-temperature
calcination,®' which further increases electricity and thermal energy demand. Third, the cathode is
the heaviest component in the cell, so even moderate specific energy requirements translate into a
large total contribution. Finally, during recycling, the acid leaching, separation, and
recrystallization steps involved in hydrometallurgical processes are themselves energy intensive,>!
further amplifying the life-cycle energy burden associated with NMC811.

In manufacturing, the formation cycling process is the primary driver of energy use. This step
involves multiple low-current charge-discharge cycles to stabilize the electrode-electrolyte
interfaces and form a robust solid-electrolyte interphase,5>%3 resulting in significant electricity
consumption. While this process is essential for ensuring cell performance and quality, it

represents one of the most energy-intensive operations in the battery manufacturing chain.
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3.2. Energy consumption and GHG emissions per kWh delivered and per lifetime mile traveled
Figure 5 compares the unit lifetime energy consumption per kWh of electricity delivered

across four LIB retirement scenarios (80 %, 75 %, 70 %, and 65 % SOH) and three ASSB lifetime

assumptions (0.5%, 1%, and 2x relative to the LIB baseline). The LIB case retiring at 80 % SOH

Open Access Article. Published on 16 March 2026. Downloaded on 3/17/2026 5:09:59 AM.
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serves as the baseline, and all other results are expressed as differences relative to it. Positive
values indicate higher unit lifetime energy consumption per kWh delivered compared with LIB
80 %. The error bars represent the 95 % confidence intervals of these differences, obtained from
Monte Carlo simulations.

Within each battery type, variations in unit energy consumption across different retirement
SOH levels are minor, indicating that the retirement threshold has a limited effect compared with
lifetime differences. When comparing across technologies, ASSBs with a short (0.5x) lifetime
exhibit the highest unit energy consumption on average, followed by ASSBs with a nominal (1x%)

lifetime, LIBs, and ASSBs with an extended (2%) lifetime.
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For ASSBs with a short (0.5x%) lifetime, their unit energy consumption per kWh delivered is
significantly higher than that of the baseline across nearly all retirement thresholds, except when
retired at 65% SOH. The 95% confidence interval at 65% SOH is predominantly positive and only
marginally overlaps zero, suggesting that unit energy consumption is likely higher than the
baseline, with limited evidence supporting a reversed outcome. In all other cases, including ASSBs
with 1x and 2% lifetimes of LIBs and conventional LIBs retiring at different SOH levels, no
statistically significant differences from the energy used by baseline, conventional LIB retired at
80% SOH are observed.

We also considered what conditions may induce changes to lifetime energy consumption
trends for ASSBs. If we assume an optimistic end-of-life recycling scenario for ASSBs, where we
assume the recycling process and all associated material inputs to the recycling process have no
climate or energy impacts, with no impact on the amount of material recovered, the 0.5x lifetime
case, which was originally significantly worse than the baseline LIB under realistic recycling
burdens, no longer exhibits statistically higher unit lifetime energy consumption. Under the same
optimistic recycling assumption, extending the ASSB lifetime to 2x or even 5% the baseline does
not lead to statistically lower unit lifetime energy consumption relative to the LIB retired at 80%
SOH. The main reason is the substantial variation in batteries’ aging curves; differences in
degradation are more pronounced with increasing cycle count, causing the differences in total
deliverable energy among cells of the same battery type to widen at longer lifetimes. These results
indicate that, even under highly favorable end-of-life conditions, lifetime extension alone yields
limited gains. Moreover, achieving such prolonged service life would present considerable
technological challenges, not only in terms of electrolyte, interface, and mechanical stability within
the battery itself, but also in ensuring that other EV subsystems maintain durability over the

extended operating period.
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Figure 5. Unit lifetime energy consumption per kWh delivered for LIBs and ASSBs, relative to
the energy consumption of an LIB retired at 80% SOH.

Figure 6a illustrates how unit GHG emissions per kWh of electricity delivered from the
batteries vary under three representative grid scenarios: California (relatively low-emitting),
Minnesota (moderate), and Tennessee (carbon-intensive), which correspond roughly to the upper-
quartile, median, and lower-quartile carbon intensities of the U.S. power mix. The heat-map colors
deepen from left to right with increasing grid carbon intensity, indicating that life cycle GHG

emissions scale strongly with the carbon intensity of electricity generation. Vertically, darker

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

colors from bottom to top reveal a consistent ranking among battery technologies within each grid

scenario: ASSB with 2x the cycle life of conventional LIBs retiring at 65% SOH have the lowest
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emissions, ASSB with 0.5x% the cycle life of LIBs and retiring at 80 % SOH resulting in the highest

(cc)

emissions per kWh. We also see that the variation in the U.S. grid emissions has a larger impact
than battery technology and lifetime: the most emitting batteries operated in California’s low-
emitting grid still have lower emissions than the lowest-emitting battery system operating in
Minnesota’s more average grid. The same pattern holds when comparing Minnesota and
Tennessee grids. The scenario enclosed by the dashed box (LIB retiring at 80 % SOH) serves as
the baseline for comparison across all cases. The results highlight the critical role of grid
decarbonization in achieving deep emission reductions from EV batteries.

Figure 6b presents unit energy consumption per lifetime miles driven under three vehicle fuel
economy cases: low, medium, and high energy consumption. As vehicle energy consumption per
mile increases from left to right, the heat-map colors deepen, indicating higher unit life-cycle

energy use. Within each fuel economy case, ASSBs with shorter lifetimes show higher unit energy
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consumption than LIBs or longer-lived ASSBs. When comparing between fuel economy scenarios,
we do see that ASSBs can have lower lifetime energy consumption per mile, compared to
conventional LIBs, if the electric vehicle has a lower energy consumption per mile traveled. For
example, an ASSB battery with the same lifetime as a LIB in a high-efficiency vehicle has an
energy consumption of 0.45 kWh/mile, while a conventional LIB in a moderately efficient vehicle
retired at 80% SOH uses 0.48 kWh/mile. This is potentially significant if the energy density of
ASSBs enable some electric vehicle lightweighting or other aerodynamic efficiency improvements

because of the smaller pack volume requirements.
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Figure 6. Comparisons of unit environmental impacts under different grid carbon intensity (a)

and vehicle energy consumption (b) scenarios.

In summary, these results indicate that improvements in gravimetric or volumetric energy
density do not automatically translate into proportional reductions in service-based environmental
impacts. While higher energy density may reduce per-cell material intensity, the manufacturing-
stage impacts observed in this study remain comparable between LIBs and ASSBs. Moreover, the
dominant contribution of the use phase, particularly electricity consumption over the operational
lifetime, limits the extent to which energy density alone determines life cycle performance when

impacts are normalized per kWh delivered or per mile driven. Under service-based functional units,
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degradation behavior, grid carbon intensity, and vehicle fuel economy play a more decisive role
than marginal gains in cell-level energy density.

This observation is not specific to ASSBs but reflects a broader methodological consideration
in battery life cycle assessment. Environmental outcomes can vary substantially depending on
whether product-based or service-based functional units are applied. Therefore, evaluating
emerging battery technologies requires careful interpretation of energy density improvements

within a broader system context.

3.3. Comparison with Other EV Battery LCA Studies

Figure 7 summarizes the comparison between this study and prior LIB LCA studies across the
three life-cycle phases. The blue circular markers represent values reported in the literature, while
the red star markers indicate the median results from this study, with error bars showing the 95%
confidence intervals from the Monte Carlo simulation. Panel (a) compares energy consumption
and panel (b) compares GHG emissions per kWh of battery capacity. The EoL phase represents
the net impact of recycling, calculated as the environmental burdens of the recycling processes
minus the credits from the recovered materials, consistent with common practice in the literature.

For visualization, these net values were multiplied by -1 so that positive values in the figure

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

correspond to net environmental benefits at end of life. Only studies involving NMC-type oxide
cathodes were included in the comparison. A detailed summary of the literature results is provided

in Table S12.
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Overall, the results from this study fall within the range of previously reported values,
although they tend to lie toward the lower end of the distribution. A few reasons may explain.
First, the battery modeled in this study has a relatively high specific energy (190 Wh/kg), compared
with the 120 Wh/kg values commonly assumed in earlier studies. Higher specific energy reduces
the mass of active materials required per kWh of capacity and therefore lowers the associated
environmental burdens. This trend is consistent with Mohr et al. ¢, which assumes a similar
specific energy (170 Wh/kg) and reports impact estimates close to ours. Second, the electricity
mix used in our assessment has a lower carbon intensity than those reported by Kallitsis et al., Kim
et al., Sun et al., and Ellingsen et al.~% For example, An et al. ® relies on a coal-intensive grid

mix, which substantially increases manufacturing-stage GHG emissions.
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Figure 7. Comparison of energy consumption (a) and GHG emissions (b) per kWh of battery
capacity between this study and other conventional LIB LCA studies.

Table 2 summarizes the comparison between this study and previously published LCA
assessments of ASSBs across the material extraction and manufacturing phases. The EoL phase is
excluded due to the lack of corresponding data in prior studies.

The results obtained in this study are broadly consistent with previously reported values. In
particular, our estimates align closely with those of Pell and Lindsay ¢, which uses a similar battery
cell configuration. The environmental impacts of raw material extraction reported in Degen et al.
are substantially higher than the values obtained in this study. This discrepancy can be primarily
attributed to the synthesis route of the LATP solid electrolyte used in Degen et al. ¢, which involves
high-temperature calcination at approximately 900 °C.7° Such thermal processing is highly energy-
intensive, thus elevating both the energy demand and associated GHG emissions during precursor
production. In contrast, the LizPS, solid electrolyte modeled in this study requires comparatively

lower-temperature (300 °C) synthesis steps, resulting in reduced environmental burdens.

Table 2. Comparison with other ASSB LCA studies

i 189 kWh 57 kWh
g‘s.t?fk‘e and " NMC111-LiPON-Li 270 Whikg
al 38 kg 12 kg
NA NA
Rietdorfet al.’>  NMC811-LiPS-Li 317 Wh/kg (cell only)

93 kg 35kg
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NA NA
Rietdorfet al.’>  NMC622-LiPS-Li 285 Wh/kg (cell only)
109 kg 39 kg
614 kWh 38 kWh
Degenetal. 2 NMC900-LATP-Li 360 Wh/kg (cell only)
122 kg 6 kg
) 461 kWh 29 kWh
Degenetal. 2 NMC900-LATP-Li 430 Whikg (cell only)
83 kg S5kg
NA NA
Pell and NMC811-Sulfide-Li 400 Whikg
Lindsay 46 kg 14 kg
NA NA
Pell and NMC811-Oxide-Li 400 Whikg
Lindsay 44 kg 14 kg

144 kWh [129, 159] 35 kWh [34, 35]
43 kg [38, 50] 14 kg [3, 26]

This Study NMCS811-LiPS-Li 239 Wh/kg

3.4. Limitations and Perspectives

This study is subject to several limitations. The prospective recycling pathway proposed for
ASSBs has not yet been validated experimentally. Although each individual step has been
demonstrated as feasible in prior studies, laboratory implementation of the integrated process
would improve the practical assessment of recyclability and enhance the accuracy of future LCAs.
Further experimental work could therefore help confirm process viability and refine associated

environmental estimates. In addition, recovery efficiencies were adopted from literature-informed

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

baseline values and were not independently varied. Given the emerging and system-dependent

nature of ASSB recycling technologies, experimentally validated recovery data under industrially
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relevant conditions remain limited. In the modeled scenarios, recycling credits are predominantly

driven by cathode material recovery, consistent with LIB recycling systems, while contributions

(cc)

from other components are comparatively minor. Therefore, moderate deviations in recovery
efficiencies of non-dominant components are unlikely to substantially alter the comparative life
cycle outcomes. More comprehensive validation of integrated recycling processes and recovery
performance would nevertheless reduce uncertainty and further enhance the robustness of future
prospective LCAs.

In addition, comprehensive aging data for ASSBs under realistic operating conditions remain
limited. In this study, we approximated degradation by fixing the retirement point and interpolating
between the initial and end-of-life states using the shape of a high-temperature (100 °C)
accelerated aging curve. We acknowledge that degradation in ASSBs involves multiple concurrent

mechanisms, including interfacial instability, electrolyte decomposition, lithium dendrite growth,
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and microstructural evolution, many of which may exhibit complex and potentially non-linear
temperature dependencies.”® As a result, assuming that the aging-curve shape remains unchanged
across temperatures represents a simplifying assumption and implicitly presumes no substantial
shift in dominant degradation pathways. This approximation is adopted as a pragmatic modeling
strategy for prospective life cycle assessment, where comprehensive, long-term aging datasets
across temperature ranges are currently limited. The objective of this study is not to establish a
mechanistic degradation model but to provide a system-level lifetime representation suitable for
environmental assessment. More detailed characterization of ASSB aging behavior under practical
cycling conditions and multiple temperatures would enhance the robustness of lifetime predictions
and refine evaluations of use-phase performance.

Moreover, ASSB manufacturing and recycling require inert-gas-controlled (e.g. N, or Ar)
environments due to the high reactivity of the solid electrolyte and lithium metal anode.” The
additional energy and material demand required to produce and maintain this environment for
some manufacturing stages were not included in this study due to the lack of data, and if they add
significant energy demands beyond the typical dry room conditions, could further increase the
energy required for the ASSB manufacturing and recycling. As manufacturing technologies
mature and more detailed process information becomes available, incorporating these
requirements will be essential for producing more realistic and comprehensive life cycle
assessments. Ultimately, doing so will be crucial for determining whether ASSBs truly deliver

measurable environmental advantages over conventional LIB technologies.

3.5. Sustainability Interventions

A number of strategies can further reduce the life cycle energy and climate impacts of both
conventional LIB and ASSB. First, decarbonizing the electricity grid is among the most effective
levers, as it directly lowers GHG emissions from both the manufacturing and use phases.
Additionally, improving vehicle fuel economy is highly beneficial because it reduces the unit
energy demand, thereby decreasing the substantial use-phase GHG emissions associated with
battery charging.

Second, extending battery lifetime can reduce unit environmental burdens by distributing
production-related impacts over a larger amount of delivered energy or vehicle miles traveled.

Several strategies have been demonstrated to enhance ASSB long-term stability. For instance,
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because sulfide solid electrolytes oxidize at potentials as low as 2.6 V, electronically insulating
coatings such as LiNbOs or LiNby.5Tay.503 are often applied to cathode particles to mitigate
interfacial degradation.”>7¢ In addition, employing single-crystal NMC811 instead of
polycrystalline counterparts eliminates intergranular cracking and preserves stable solid—solid
contact during cycling, thereby improving structural integrity and extending battery life.”’
Furthermore, constructing robust artificial SEI layers can homogenize Li* flux, suppress dendrite
formation on lithium metal surfaces, and markedly enhance the long-term cycling stability of solid-
state and metal-anode batteries.”® Developing techniques to extend ASSB battery lifetimes to meet
or exceed conventional LIBs is critical to ensuring environmental benefits from the technology.

Third, because a substantial share of cradle-to-gate impacts originates from the NMCS811
cathode, promoting spent battery recycling are essential for long-term sustainability. Efficient
recovery of transition metals can substantially reduce the energy and emissions associated with
primary material production, while also improving supply-chain resilience by lowering
dependence on resource-intensive mining.

We see that if ASSBs are unable to match the lifetime of conventional LIBs, the lifetime
energy consumed per kWh of stored energy delivered is significantly higher than that of

conventional LIBs. Conversely, even under an extreme scenario in which the ASSB lifetime is

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

assumed to be five times longer than that of conventional LIBs, the results still do not show

substantially lower energy consumption per kWh of stored energy delivered over the battery
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lifetime. Similarly, under an optimistic end-of-life recycling scenario in which the recycling
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process and any associated material inputs used in the recycling process are assumed to have zero
environmental impacts, the 0.5x lifetime case, which previously exhibited higher environmental
burdens than the baseline LIB under realistic recycling assumptions, no longer exhibits statistically
higher unit lifetime energy consumption. However, extending the ASSB lifetime to 2% or even 5%
the baseline still does not result in statistically lower unit lifetime energy consumption relative to
the LIB retired at 80% SOH. One possible area for environmental improvement is that ASSBs
enable higher fuel economy through vehicle lightweighting. The pack-level specific and
volumetric energy densities of ASSBs are approximately 20% higher than those of conventional
LIBs (239 vs. 190 Wh/kg and 388 vs. 327 Wh/L in this study), which can directly reduce battery
pack mass. Because the battery pack constitutes a substantial fraction of the total vehicle curb

weight, reductions at the pack level translate meaningfully to vehicle-level mass savings. Prior
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studies have shown that a 10% reduction in vehicle mass can yield a 6%—-8% improvement in fuel
economy,’? suggesting that mass savings enabled by ASSBs could produce measurable use-phase
energy and climate benefits. The reduced volumetric footprint may also enable additional
aerodynamic design adjustments to reduce drag and improve fuel economy. If ASSBs are to
increase vehicle range instead of leveraging them as a lightweighting or aerodynamic design

strategy, they do not offer significant environmental benefits over conventional LIBs.

4. Conclusions

This study introduces a prospective recycling pathway for sulfide based ASSBs and compares
their cradle-to-cradle energy and climate impacts with conventional LIBs. The results show that
the use phase remains the dominant contributor to life cycle impacts for both technologies, which
highlights the critical role of electricity grid decarbonization and vehicle-level efficiency in
determining net environmental outcomes. While the proposed recycling pathway enables safe
material recovery from ASSBs, Monte Carlo analysis indicates that ASSB recycling currently
imposes greater environmental burdens than established LIB processes on a per-cell basis. When
normalized by lifetime energy delivered, the environmental performance of ASSBs is highly
sensitive to their operational lifetime: shorter lifetimes substantially increase unit energy use
relative to LIBs, whereas comparable or extended lifetimes do not necessarily yield strong per-
kWh improvements.

These findings suggest that the sustainability advantages of ASSBs are unlikely to emerge
from cell-level material substitutions or material recycling advances alone. Instead, their
sustainability advantages are more likely to be realized when system-level design benefits are
leveraged. The higher gravimetric and volumetric energy densities of ASSBs can enable vehicle
lightweighting and potentially improved aerodynamics, both of which can measurably reduce use-
phase energy demand and greenhouse gas emissions. They could also enable electrification of
vehicle classes and transport systems that are highly weight- or volume-constrained and therefore
difficult to electrify using conventional lithium-ion batteries, such as certain aviation, electric
vertical take-off and landing, or long-range heavy-duty transport applications. In contrast, using
ASSBs primarily to increase driving range of light-duty vehicles without corresponding efficiency

gains offers limited environmental benefit relative to conventional LIBs.
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From a policy and design perspective, our results underscore the importance of aligning next-
generation battery innovation with vehicle efficiency strategies. Policies that emphasize energy
consumption per distance traveled, rather than simply extending driving range, could more
effectively incentivize the integration of higher—energy-density batteries in ways that maximize
climate benefits. At the same time, advancing durable ASSB chemistries, enhancing interfacial
stability, and improving recyclability remain critical to ensuring long-term sustainability
advantages.

Overall, this work provides one of the first life cycle assessments of prospective ASSB
recycling and highlights both the opportunities and constraints associated with ASSB deployment
from a sustainability perspective. As ASSB manufacturing and recycling technologies mature and
more empirical data become available, refining these analyses will be essential to determining
whether ASSBs can deliver meaningful environmental improvements over conventional LIB

technologies.
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