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ABSTRACT

Solid-state batteries (SSBs) are gaining prominence as a dependable next-generation energy storage solution,
offering higher energy density, improved safety, and extended cycle life compared with conventional lithium-ion
batteries. There has been a lot of research concentrated on evaluating the electrochemical performance of SSBs.
Still, the environmental implications across the entire life cycle, from raw material extraction and manufacturing to
operational use and end-of-life management, remain underexplored. This paper provides a comprehensive assessment
of the environmental opportunities and challenges associated with SSBs. Critical raw materials, including nickel,
lithium, cobalt, and solid electrolytes, are assessed for availability, extraction impacts, and toxicity. Industrial processes,
particularly solvent-based processing, high-temperature sintering, and lithium-metal handling, are evaluated for energy
consumption, chemical usage, and potential environmental hazards. Operational benefits, such as abridged risk of
thermal runaway, extended lifetime, and higher energy efficiency, are analyzed alongside challenges, including interface
degradation, dendrite formation, and thermal management. End-of-life considerations, including recycling, circular
economy strategies, and material recovery, are discussed with attention to sulfide, oxide, and polymer electrolytes. By
integrating life-cycle perspectives and sustainability considerations with technical performance, this paper highlights
pathways to environmentally responsible SSB deployment. The conclusions emphasize that future research must
balance material innovation, manufacturing efficiency, operational stability, and end-of-life recyclability to realize the
full environmental potential of SSB skills.
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1. Introduction

The global community is quickly transitioning to
green and renewable energy sources, and electric vehicles
are in high demand as they are environmentally friendly
and sustainable "', This has made research in energy storage
technologies in high demand. Out of the various emerging
types of batteries, solid-state batteries (SSBs) have received
significant attention because they are able to push past the
limits of traditional lithium-ion batteries (LIBs), especial-
ly in terms of operational safety, energy density, and cycle
life . Various traditional LIBs rely on liquid electrolytes,
SSBs use solid electrolytes, and this can reduce the risks of
electrolyte leakage, thermal runaway, and combustibility,
making a truly safer design that can be used in energy stor-
age applications . These qualities enable SSBs to be very
promising in next-generation electric vehicles (EVs), porta-
ble electronics, and stationary grid storage systems.

In addition to performance indicators, the environ-
mental sustainability of the technologies in energy storage
is turning out to be an even more important factor that will
determine their wide usage . Although transformative,
conventional LIBs are also linked to significant environ-
mental issues during their life cycle, such as the mining of
lithium, cobalt, and nickel, which requires a lot of resourc-
es, high-energy processing, and complicated end-of-life
management. In this regard, SSBs can offer both oppor-
tunities and new challenges: replacing liquid electrolytes
with solid ones could decrease the operational hazards and
even increase the life of the batteries; however, the cre-
ation of new solid electrolytes, including sulfide-based,
oxide-based, or polymeric electrolytes, also creates con-
cerns about the availability of materials, their toxicity to
the environment, and recyclability . This means that the
environmental impact of SSBs should be properly evaluat-
ed in the whole life cycle, which includes extraction of raw
materials, production, usage, and disposal.

An important new feature of this review is its
life-cycle view of environmental opportunities and chal-
lenges of SSB technologies. Although many studies have
addressed the electrochemical performance and the opti-
mization of the materials of SSBs, there are still no thor-
ough studies that have incorporated the aspect of sustain-

ability in selecting materials, designing processes, and

end-of-life plans " Through assessing the ecological im-
plications of SSBs of the raw materials to recycling, this
review will offer a methodological approach to evaluate
the direct and indirect ecological effects of these new bat-
teries. In particular, it answers important questions like:
How do the sourcing and processing of solid electrolytes
compare to traditional liquid electrolytes in the environ-
ment ®? What are the resource and energy requirements
of scalable SSB manufacturing /2 What are the ways to
implement the ideas of a circular economy in the end-of-
life management of SSBs "% It is important to answer
these questions to direct the sustainable development and
commercialization of SSB technologies. The main novel-
ty of this review is the life cycle approach in its holistic
view of the environmental opportunities and challenges
of SSB.

The raw material stage is a great part of the envi-
ronmental impact of any battery technology. In the case
of SSBs, the most important materials are lithium, cobalt,
nickel, and manganese as electrodes and sulfur, phos-
phorus, and rare-earth metals as solid electrolytes "'/,
The production and transportation of these materials are
energetically demanding, use water, and can result in the
ecological disturbance of the habitat, soil erosion, and
local water pollution. In addition, geopolitical control
of essential materials, especially cobalt and lithium, not
only brings supply chain risks but also ethical and social
issues regarding the mining methods. In contrast to the
traditional LIBs, certain SSB architectures can partially
eliminate the use of cobalt or other rare elements, which
has a possible environmental benefit. Nonetheless, solid
electrolytes themselves can also include environmentally
sensitive or toxic elements, which means that they have
to be carefully selected and assessed over their life cycle
to reduce their ecological impact "',

Production of SSBs initiates further environmental
issues. The traditional production of LIB already requires
high energy consumption, in part, because of high-tempera-
ture calcification, coating, drying, and assembly """, These
demands may be made worse by SSB fabrication, particu-
larly inorganic solid electrolytes, which need high-tempera-
ture sintering to produce dense and defect-free interfaces.
In addition, the fabrication techniques that are based on sol-

vent processing or vacuum deposition may lead to chemical
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emissions and energy usage. However, recent achievements
in low-temperature processing, solvent-free methods, and
scalable composite electrolyte production show the potential

to mitigate the environmental impact of SSB production,

and process innovation must be complemented by material
innovation """, Figure 1 provides a schematic overview of
the solid-state battery life cycle, from raw materials to end-

of-life management.
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Solid Electrolytes
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Figure 1. Schematic representation of the life cycle of solid-state batteries, highlighting key stages from raw material extraction,
manufacturing, operation, and end-of-life recycling, with environmental hotspots indicated.

SSBs have a number of environmental advantages
during operation. Their innate greater safety minimizes the
risk of disastrous fires and thermal runaway, a matter of
concern with conventional LIBs "' Enhanced cycle life
and energy density also have the potential to create envi-
ronmental benefits because they can lengthen the life of
batteries, further reducing the number of replacements and
the related upstream resources ''*. Nevertheless, there are
still issues of solid electrolyte long-term stability, interface
degradation, and long-term cycling efficiency loss. These
are the operational areas that need to be comprehended and
optimized to achieve the complete environmental potential
of SSBs in real-life situations.

Lastly, there are challenges and opportunities in the

end-of-life management of SSBs. Although the common

LIB recycling techniques, such as pyrometallurgical and
hydrometallurgical processes, are becoming standardized,
the availability of solid electrolytes and lithium metal an-
odes brings new complexities ', These materials can be
heat, moisture, or chemical reagent sensitive in the con-
ventional routes of recycling and new, environmentally
friendly recycling methods should be developed. There
are prospects to make SSBs recyclable, embrace modular
designs, and efficiently recycle high-value materials like
lithium and cobalt, contributing to the goals of a circular
economy. Additionally, a regulatory framework, includ-
ing the European Union Battery Directive and new pro-
grams under the U.S. Department of Energy, is starting to
favor sustainable battery design and recycling and offer

policy backing of an environmentally friendly SSB im-
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plementation ",

Overall, SSB technologies are a paradigm shift in
battery technology, with a high potential to contribute
to better safety, energy density, and operational life '*).
Nevertheless, the sustainability of these systems in the
environment cannot be presupposed and must be eval-
uated throughout the life cycle, i.e., the process of raw
materials extraction and processing, the manufacturing
process, their use, and their disposition. The purpose of
this review is to summarize existing knowledge on these
aspects, define the main environmental challenges, and
point out the opportunities of sustainable innovation.
Combining material science, manufacturing technology,
life-cycle assessment, and recycling research, this effort
offers a detailed roadmap toward the development of en-
vironmentally friendly SSB technologies, with the notion
that increased performance should be accompanied by the
sustainability aspect to guarantee truly next-generation

energy storage solutions.

2. Raw Materials: Sources, Avail-
ability, and Environmental Im-
pacts

The environmental sustainability of solid-state bat-
tery (SSB) technologies starts with the very materials that
have to be used to make them. In comparison to the tradi-
tional lithium-ion batteries, SSBs have more material com-
plexity based on the solid electrolytes present in addition
to cathode and anode materials ¥, Although these mate-
rials can greatly enhance performance, their extraction,
processing, and supply chain dynamics have far-reaching
environmental and social consequences. These impacts are
important to comprehend the sustainability of SSB tech-
nologies throughout their life-cycle, as well as to inform
material innovation with greener, ethically responsible
solutions. Table 1 presents a summary of some of the im-
portant raw materials used, their sources, effects on the en-

vironment, and sustainability.

Table 1. The raw materials used in solid-state batteries, their applications, sources, environmental impacts, and sustainability consid-

erations.

Material Typical Use in SSB Source/Availability Environmental Impact Sustainability Considerations

Lithium (Li) Cathode, anode Hard rock, brine Water-intensive extraction, land use ~ Recycling, geothermal brines, low-im-
pact sourcing

Cobalt (Co) Cathode DRC, limited supply Ethical/social issues, habitat disruption High-nickel cathodes, cobalt reduction

Nickel (Ni) Cathode Global, concentrated Energy-intensive mining, tailings Recycled sources, alternative chemis-
tries

Sulfur (S) Sulfide electrolytes Mining Air sensitivity, HaS risk Material handling, green processing

Zirconium (Zr) Oxide electrolytes Mining Rare, energy-intensive Efficient sintering, recovery

Polymers (PEO, Polymer electrolytes
PVDF)

Petrochemical feedstock Non-renewable, microplastic risk

Biopolymers, chemical recycling

2.1. Cathode Materials: Composition and Im-
plications

The cathode materials used in SSBs are mostly sim-
ilar to the cathode materials used in traditional lithium-ion
batteries, such as lithium nickel manganese cobalt oxides
(NMC), lithium cobalt oxide (LCO), and lithium iron
phosphate (LFP) """ The use of solid electrolytes, how-
ever, allows partial reconfiguration of cathode materials,
which could allow eliminating the use of cobalt or nickel,
but with high energy density. Specifically, Cobalt poses se-
rious environmental and ethical issues. It is mainly mined
in the Democratic Republic of Congo, where mining activ-
ities have resulted in historical devastation of the habitat,

water and soil pollution, and human rights issues “”. Geo-

graphically more varied, nickel mining is also linked to
large greenhouse gas emissions and tailings, which can be
washed into the surrounding ecosystems ',

Lithium, which is an indispensable part of virtually
any cathode, is a duo of its own **. On the one hand, lith-
ium is rather abundant in contrast to cobalt, but its mining
in hard rock and brine deposits is extremely water-con-
suming, especially in dry areas like the Atacama Desert in
Chile. Extraction of brine may cause the depletion of the
water table and stress on the ecosystem, whereas hard rock
mining may cause energy use and chemical wastes. A tran-
sition to high-nickel, low-cobalt cathodes in SSBs could
minimize the environmental effects of cobalt, but will in-

crease difficulties in extracting nickel, which presents a
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trade-off that needs to be addressed by agenda-setting ma-

terial choices and sustainable sourcing strategies ',

2.2. Anode Materials: Lithium Metal and Al-
ternatives

The use of lithium metal as the anode is also a char-
acteristic trait of many SSBs, which liquid-electrolyte

4 Lithium metal has better theo-

batteries typically use
retical capacity and can be used to create higher energy
density, but its manufacturing poses special environmental
and technical issues. The process of purification of lithium
metal consumes a lot of energy; in most cases, the reduc-
tion of lithium salts at high temperatures. Additionally,
the operation of lithium metal is hazardous because of its
sensitivity to moisture and oxygen, which can be highly
reactive and may need inert atmospheres and specialized
processing equipment. These extra process specifications
increase the embodied energy of lithium-metal-based SSBs
compared to traditional lithium-ion batteries.

To overcome some of these challenges, alternative
anode materials have been proposed, including silicon or
composite lithium alloys *”’. Silicon is extremely non-tox-
ic and abundant, but it experiences significant volumetric
growth on lithiation, making it challenging to ensure sta-
bility at the interface with solid electrolytes. Part of these
problems can be alleviated by composite anodes, includ-
ing lithium alloys, but these may have to be made by en-
ergy-intensive alloying. The trade-offs between material
availability, energy density, and environmental footprint
should thus be critically considered in the choice of anode

materials to use in sustainably deploying SSBs.

2.3.Solid Electrolytes: Diversity and Environ-
mental Considerations

The salient feature of SSBs is the solid electrolyte
which can be categorized broadly as either sulfide-based,
oxide-based, or polymer-based electrolytes . All the
classes have unique strengths and environmental issues.
Sulfide-based electrolytes, e.g., lithium thiophosphate com-
pounds, have high ionic conductivity and a well-matched
interface with lithium metal. Nonetheless, sulfide-based
materials usually have sulfur and phosphorus which are
usually sensitive and toxic when handled improperly. They
are usually produced by solid-state reactions at high tem-

perature, or solvent-assisted synthesis which is very en-

ergy-consuming and produces chemical wastes. Also, the
environmental effects of precursor element mining (e.g.,
of phosphorus or lithium sulfides) are not fully investigat-
ed, which is an additional knowledge gap that needs to be
tackled to have complete life-cycle assessments.
Electrolytes, such as garnet-type lithium lanthanum
zirconium oxide (LLZO) and perovskite lithium lanthanum
titanate are oxide-based, which allows them to be chemi-
cally stable and compatible with lithium metal anodes *"*",
High-temperature sintering to obtain dense microstructures
is commonly a requirement in the processing of oxide elec-
trolytes, and may be energy-consuming and carbon-emit-
ting. Additionally, the raw materials used, e.g., zirconium
and tantalum are quite rare and mining is an intensive
process. Rare elements are not only more damaging to the
environment but also pose a greater vulnerability to the
supply chain. Although oxide electrolytes can be safer and
more stable, at present, their footprint is not insignificant
in comparison to more prevalent polymer-based ones.
Polymer electrolytes are another way, which can be
based on lithium salts of polyethylene oxide or polyvi-
nylidene fluoride polymer *”. These electrolytes can be
generally processed at lower temperatures and have the
benefit of being flexible and lightweight. However, there
are sustainability issues associated with polymers, such as
the dependence on petrochemical feedstocks, the possi-
ble microplastic pollution, and the problems with end-of-
life recycling. Further, the ionic conductivity of polymer
electrolytes at ambient temperatures is typically lower than
that of inorganic electrolytes, and trade-offs between the
environmental impact and electrochemical performance

must be made.

2.4.Raw Material Sourcing and Supply Chain
Challenges

The environmental effects of sourcing raw materials
are not limited to the natural toxicity or scarcity of the par-
ticular elements "*. Global lithium, cobalt, nickel, and ra-
re-earth supply chains tend to be geographically clustered,
thus causing carbon emissions in transportation, geopoli-
tics, and ethical issues "”. An example is cobalt mined in
artisanal mines which might be exploitative of labor, and
lithium brine mining might cause water rights tensions
with residents. These social and ecological aspects need to

be incorporated into the environmental analyses of SSBs
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because high-performance materials do not necessarily be-
come sustainable when they are sourced irresponsibly.
Recent studies have proposed the possibility of geo-
logically and environmentally positive options, including
lithium mining in geothermal brines or recycled sources,
which could help ease the burden on the environment and
the susceptibility of supply chains *". Equally, high-nickel
or manganese-rich cathodes can be used in place of cobalt
to address ethical issues though with possible trade-offs
in thermal stability and structural integrity ">, Solid elec-
trolytes, as well, may be the subject of sourcing strategies
that emphasize high-abundance and low-toxicity elements,
although high-performance materials like sulfides and gar-

nets continue to have unresolved supply limitations.

2.5.Critical Analysis and Sustainability In-
sights

Although SSBs have groundbreaking electrochem-
ical benefits, the sustainability of the raw materials is a
multidimensional aspect of environmental sustainability.
SSBs have the potential to lower operational risk and po-
tentially prolong their lifespan, compared to conventional
lithium-ion batteries, but the synthesis of high-purity lith-
ium metal, exotic solid electrolytes, as well as the optimi-
zation of cathode chemistries is resource- and energy-in-
tensive **). The overall assessment of the environment
should thus not only focus on the toxicity and quantity of
raw material but also on the energy requirements of the
processing, the geographical distribution of resources, and
recycling and circularity.

Among the important lessons is that the electro-
chemical performance of SSBs must not be the priority in
material innovation. The ionic conductivity and stability
must be high; nevertheless, eco-design concepts, such as
the use of plentiful, low-impact elements, decreased toxic
precursors, and recycling, are crucial as well. Indicative-
ly, by partially replacing cobalt in cathodes and creating
polymeric or plentiful oxide electrolytes, environmental
burden can be significantly decreased without affecting
battery performance **. Equally, incorporation of sustain-
able sourcing strategies, e.g., lithium recovery of brine or
recycling, would relieve the strain on natural resources and
improve the resilience of the supply chain °7.

Lastly, the interaction between the choice of the raw

material and downstream environmental performance ex-

plains why a life-cycle perspective is required. Decisions at
the stage of material selection are transmitted in manufac-
turing, operational efficiency, and end-of-life management,
affecting the carbon footprint and ecological impact "%,
Therefore, the next generation of SSB should take an inte-
grated approach to balance electrochemical, environmental,
and ethical factors to achieve truly sustainable energy stor-

age technologies.

3. Manufacturing Processes and En-
vironmental Considerations

The production stage of solid-state batteries is an
important factor that defines their environmental im-
pact, which can take a considerable portion of the overall
life-cycle impact. Although SSBs are claimed to deliver a
higher electrochemical performance and better safety, the
manufacturing processes, especially of solid electrolytes,
lithium-metal anodes, and composite electrodes, may be
energy-consuming and resource-intensive . In contrast to
traditional lithium-ion batteries, which are mainly slurry
cast and liquid-based electrolyte, SSB fabrication employs
a wide range of high-temperature, vacuum-based, and sol-
vent-based techniques. Knowledge of those processes and
their environmental consequences would be crucial to find-
ing opportunities to decrease carbon footprint, minimize
toxic emissions, and improve the overall sustainability of

SSB technologies.

3.1.Electrode Fabrication: From Powder to
Dense Films

The fabrication of electrodes to use in SSBs com-
mences with the preparation of active materials, conduc-
tive additives, and binders into appropriate composite
structures . In contrast to traditional LIB electrodes,
which are cast as either thin films on metal foils or liquid
slurries, SSB electrodes may need to be processed dry or
semi-dry to be compatible with solid electrolytes. An ex-
ample is the use of high-energy ball milling, spark plasma
sintering, or tape casting to obtain intimate mixing of cath-
ode materials with solid electrolytes, to provide efficient
ionic and electronic pathways. These processes, though
necessary to electrochemical performance, are energy-con-

suming and may create fine particulate emissions that need
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to be contained.

Sintering or densification at high temperatures may
be used to enhance the contact of electrode and electro-
lyte interfaces, especially with oxide-based solid electro-

7% High temperatures above 1,000 °C are usual-

lytes '
ly necessary to form dense microstructures, resulting in
high energy consumption. This applies especially to gar-
net-type electrolytes, which require sintering to minimize
the resistance to grain boundaries. The two ways in which
these processes pollute the environment are direct energy
use, which adds to carbon emissions, and the sourcing of
high-purity precursors, including zirconium or lanthanum,
which have other ecological costs. Lower-temperature sin-
tering, spark plasma sintering, or hot-pressing is a potential
way of reducing energy consumption, but it is not easy to
scale to commercial levels.

Besides energy considerations, chemical processing
stages in the electrode production can have an impact on
the environment. To obtain homogeneous dispersion, sol-
vent-assisted mixing is commonly employed in the case of
sulfide-based cathodes or solid electrolytes. Solvents such
as tetrahydrofuran or N-methyl-2-pyrrolidone are better
for processing, but they are volatile, flammable, and toxic
to the environment. Recovery and recycling of solvents
are possible, yet they add further energy and process com-
plexity. In this regard, solvent-free techniques, such as dry
pressing and mechanical mixing, are actively investigated
as a way of reducing the level of chemical emissions and

environmental impact "),

3.2.Solid Electrolyte Processing

The manufacturing of solid electrolytes is a charac-
teristic process in SSB manufacturing, and it can take over
the manufacturing area. There are three principal types of
electrolytes: sulfide-based, oxide-based, and polymeric,
which need different processing strategies with different
environmental impacts. The sulfide electrolytes, includ-
ing lithium thiophosphate (Li;PS,) are typically obtained
by means of high-temperature solid-state reactions or in
solution . In solid-state manufacturing, the precursor
powders are usually mixed and then subjected to heating
between 200 °C and 600 °C. These lower temperatures are
less than those employed in oxide sintering, but the fact

that these intermediates are toxic or air-sensitive and re-

quire inert atmospheres makes the process complex and
consumes energy.

Solid electrolytes (such as oxides) are sintered (usu-
ally at temperatures in the range of 1,000 °C and higher)
to create dense and highly conducting structures . The
densification process is especially important in order to
minimize the resistance of the grain boundary, which is
one of the key restricting factors of ionic conductivity in
oxides. Nonetheless, this high-temperature processing is
an energy-consuming process, in most cases surpassing the
embodied energy of traditional cathode production. Raw
materials of oxides such as zirconium, tantalum, and lan-
thanum are normally obtained by mining, which has high
environmental costs, such as energy-consuming purifica-
tion, acid leaching, and high levels of chemical waste pro-
duced. As a result, the sustainability of oxide electrolytes
is not only closely connected with the processing energy
but also with upstream raw material extraction.

Instead, polymeric electrolytes can be processed at
a lower temperature and are frequently processed by solu-
tion casting or hot pressing “". Although polymeric sys-
tems lower the energy intensity in the fabrication process,
they pose a challenge in regard to chemical feedstocks.
Widespread polymers are made as a result of petrochem-
icals, which may be a factor in the depletion of non-re-
newable resources and microplastic pollution. Also, the
ionic conductivity of polymers tends to be lower at room
temperature, and this might require mixing with inorgan-
ic fillers or lithium salts. Though enhancing performance,
such additives may also further complicate the recycling of
chemicals at the end of life. Thus, the polymer electrolyte
processing is a trade-off between less energy consumption

and possible chemical/environmental effects.

3.3.Interface Engineering and Cell Assembly

The development of stable interfaces between elec-
trodes and solid electrolytes is one of the rare problems
in the production of SSBs. When there is poor interfacial
contact it may lead to high resistance, formation of den-
drites and low cycle life. To counter this, complex assem-
bly methods are being used, including thin-film deposition,
cold or hot press, and interface coating by using buffer
layers ). Both approaches have certain environmental

consequences. Sputtering or pulsed laser deposition is a
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type of thin-film deposition that requires vacuum systems
and strict control, which makes it very energy-intensive,
and not very scalable. Hot pressing and cold pressing are
simpler, but may need input of mechanical energy, and can
demand high temperatures to achieve the best interfacial
contact.

Moreover, lithium-metal anodes incur the cost of re-
quiring special attention to avoid contact with moisture or
oxygen ¥l Controlled-atmosphere gloveboxes and inert
processing environments require additional energy and in-
frastructure requirements, which need to be considered in
environmental assessments. These production challenges
point to the fact that the interface optimization is not only
a technical problem but also a sustainability one, since the
amount of energy used and the amount of material wasted
in the manufacturing process may have a big impact on the

carbon footprint of SSBs.

3.4.Scalability and Manufacturing Energy In-
tensity

Although laboratory-scale SSB fabrication has
shown impressive electrochemical performance, scaled-up
versions of these processes to industrial scales are a major
challenge. Numerous solid electrolytes demand accurate
processing, high-temperature sintering, and low-defect
interfaces that are challenging to sustain on large-scale
production Y. Further, the life-cycle emissions of SSBs
during sintering, solvent recovery, and maintenance of an
inert atmosphere may prevail over the benefits realized in
the process of operational use.

One important lesson learned is that the environmen-
tal benefit of SSBs over traditional LIBs depends not just
on energy density and operational safety, but also on the
process efficiency in the manufacturing process. Recent
research indicates that during solid electrolyte sintering, up
to 30% or 40% of the manufacturing carbon footprint can
be derived from energy consumption. Equally, the amount
of solvents used and manipulated during the processing of
sulfide-based electrolytes can have a profound influence
on toxicity indicators. To resolve these problems, there is
a need to develop low-temperature and scalable process-
ing methods that may be coupled with renewable energy

sources to provide thermal and mechanical energy *.

3.5.Critical Analysis of Environmental
Hotspots

From an environmental outlook, the manufacturing
stage of SSBs has a number of hotspots that can be miti-
gated. Sintering of oxide electrolytes at high temperature
and densification of electrodes are among the biggest
sources of energy use and greenhouse gas emissions %,
The controlled-atmosphere processing is needed to use
air-sensitive sulfide materials, and this further increases
energy and infrastructure requirements. The processing of
solvents exposes chemical toxicity hazards, whereas the
handling of lithium-metal requires special facilities, which
use more energy " Altogether, these factors suggest that
though SSBs can be operationally safe and have a longer
lifespan, the manufacturing stage has a significant impact
on the environment, and it may block the overall sustain-
ability benefits unless it is improved.

Such possibilities as low-temperature processing,
solvent-free electrode production, and composite electro-
lyte designs with ionic conductivity and processability are
opportunities to reduce environmental impact. As an ex-
ample, mechanical pressing or cold sintering methods have
shown promise to densify oxide electrolytes at much lower
temperatures, and save 30—50% in energy ). On the same
note, the chemical toxicity in the process of making sulfide
electrolytes can be alleviated by using solvent recovery
systems and green solvent substitutes '’ Polymer elec-
trolytes would be less chemically concerning, but would
benefit by having reduced processing energy and could be
compatible with roll-to-roll manufacturing, potentially im-

proving scalability and decreasing environmental footprint.

3.6. Integration of Circular Design Principles

The incorporation of the principles of a circular
economy is an emerging trend in the manufacturing of
SSBs "%, The future environmental impacts can be min-
imized by designing electrodes and solid electrolytes in
a way that can be recycled. As an illustration, recycling
polymeric binders and composite materials, which can be
separated or dissolved in the recycling process, helps to
recover materials. Likewise, reducing the amounts of rare
or toxic elements used in solid electrolytes not only lowers

upstream environmental impact but also eases downstream
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recycling. Making these considerations in manufacturing
design is a proactive strategy towards sustainability, where
emphasis should be on environmental optimization being
incorporated at the production phase as opposed to being
an afterthought.

Moreover, process innovation may be oriented to-
wards both performance and environmental purposes.
Incidentally, additive manufacturing and layer-by-layer

deposition processes can be used to control the distri-

bution of materials precisely, reducing wastage and in-
creasing the electrochemical efficiency . Together with
renewable energy sources and energy-efficient thermal
treatments, these new production methods may make
SSB manufacturing a high-energy bottleneck, instead of
making it a high-performance platform that is sustainable.
Table 2 highlights the major manufacturing processes,
materials, energy intensity, environmental hazards, and

mitigation strategies of SSBs.

Table 2. Manufacturing processes for solid-state batteries and associated environmental considerations, including energy intensity,

chemical usage, and mitigation strategies.

E R

Process Step Materials Involved Processing Technique Inntglgs?t/y €SOUre®  Environmental Risks Mitigation Strategies

. + soli - o . . i issi illi -
Electrode preparation Cathode + solid elec Ball milling, tape casting High Particulate emissions, Inert milling, solvent-free

trolyte energy use methods

Solid electrolyte syn-  Sulfide/Oxide/Poly- High-temperature sinter- Very high CO: emissions, chemical Low-temperature sinter-
thesis mer ing, solution processing Ty g waste ing, green solvents
Electrode-electrolyte Lithium-metal anode Hot pressing, thin-film Moderate to high Mechanical degradation, In.terface cogtmgs, opti-
interface deposition energy use mized pressing
Cell assembly Full cell Controlled atmosphere Moderate Lithium reactivity, energy Inert gloveboxes, automa-

consumption tion

3.7.Outlook and Research Directions

In the future, the sustainability of SSB manufactur-
ing in relation to the environment will hinge on a multi-
pronged approach that will entail materials, process engi-
neering, and system design. The major areas of research
are the creation of low-temperature densification processes
of oxide and sulfide electrolytes, investigations on scalable
solvent-free fabrication, and the incorporation of renew-
able energy into processes that consume a lot of energy,

[37,48,51

including sintering and pressing I Also, life-cycle
assessment frameworks that are tailored to SSB manu-
facturing are necessary to measure trade-offs among the
electrochemical performance, energy consumption, and the
impact on the environment.

The design of SSB architectures makes manufactur-
ing easier without affecting performance, which is another
critical path **. Examples of ways to do this include thin-
film or multilayer composite electrolytes that might not
require high-temperature densification, and pre-lithium-in-
tercalated electrodes that might lower the risks of handling
and the energy costs. The cooperation between the material
scientists, chemical engineers and environmental research-

ers will be essential to ensure that the technological inno-

vation is targeted at achieving sustainability goals so that
SSBs would provide the best electrochemical performance

in addition to a smaller environmental footprint.

4. Operational Phase: Environmen-
tal Benefits and Risks

The working stage of solid-state batteries is the
point at which the benefits of performance can be con-
verted into practical environmental benefits. Compared
to traditional lithium-ion batteries, SSBs use solid elec-
trolytes, usually in combination with lithium-metal an-
odes, to realize greater energy densities, better safety, and
longer cycle lives . This can directly affect the envi-
ronmental footprint of batteries during the use stage, es-
pecially in electric vehicles (EVs), energy storage at the
grid scale, and portable electronics. Simultaneously, new
chemistries and architectures present new operational
hazards, such as interface degradation, dendrite growth,
and thermal issues, which may affect not only the effi-
ciency of the battery but also its lifecycle sustainability.
This section critically assesses the operational environ-
mental implications of SSBs, evaluating the benefits,

risks, and the performance-sustainability interaction.
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4.1. Energy Density and Lifecycle Efficiency

The increase in energy density is one of the great-
est environmental benefits of SSBs **. Based on the use
of lithium-metal anodes and high-voltage cathodes, SSBs
can have a much higher gravimetric and volumetric energy
density than more traditional lithium-ion-based batteries.
Increased energy density is directly related to reduced bat-
tery mass to achieve a certain energy storage capacity, with
several environmental implications. The reduced weight of
a battery in electric vehicles has the potential to increase
the efficiency of vehicles by reducing energy usage per
kilometer and consequently decreasing carbon emissions
in the course of operation. Equally, in a stationary storage
system, increasing energy density has the potential to re-
duce material and area requirements to support the same
storage capacity and lower the embodied carbon in system
infrastructure.

Enhancements in the density of energy can also help
decrease environmental impact by increasing the service
life of batteries, in terms of life-cycle ™*. Reduced substi-
tution during the operating life of a device or a car, reduces
cumulative energy and material use, such as the production
of cathodes, anodes, and electrolytes. As an example, a
battery that has a projected cycle life that is twice that of a
conventional lithium-ion cell actually provides half of the
environmental impact of raw materials and manufacturing
of the same amount of energy over a period of time. This
shows the paramount significance of lifetime extension as

a sustainability measure in SSB development.

4.2.Safety and Environmental Risk Mitigation

The key difference between SSBs and regular lithi-
um-ion batteries is that the former is inherently safe. Flam-
mable liquid electrolytes in traditional cells may undergo
thermal runaway, especially when subject to mechanical
abuse, overcharging, or internal short circuit. Such risks
may lead to fires, explosions and the emission of toxic
gases, which are hazardous to the environment and pose
safety risks. SSBs are much more effective in eliminating
the possibility of such events by substituting liquid elec-
trolytes with solid matter. The sulfide, oxide and polymer
electrolytes are essentially non-flammable in typical oper-
ating conditions, which reduces the chances of contaminat-

ing the environment through accidental fires %,

The decrease in operational risk also indirectly
benefits the environment. As an example, decreased bat-
tery fire incidences in transportation or grid storage will
decrease emergency response, cleanup, and replacement
of damaged equipment, which may be energy- and re-
source-intensive "), More compact or high-voltage cell
designs are also possible due to increased safety, and this
leads to increased energy efficiency and a smaller foot-

print of material per unit of stored energy.

4.3.Thermal Management and Efficiency
Challenges

Though SSBs reduce the risk of fire, they do not
face the barriers to functioning. Thermal management is
one of the essential factors to be considered particularly
in high-energy-density cells. Solid electrolytes are less
thermally conductive than liquid electrolytes and this can
lead to local heating when charging, or when discharging
rapidly. Higher local temperature may increase chemical
degradation of the electrodes or solid electrolytes, decrease
cycle life and possibly make energy efficiency less effi-
cient. These instances can counterbalance part of the envi-
ronmental advantages of higher energy density with energy
and replacement operational losses .

There are also other sources of solid electrolytes
with temperature-dependent ionic conductivity, such as
polymer-based systems . Polymer electrolytes may be
much less conductive at ambient/sub-ambient tempera-
tures, which reduces efficiency, and increases energy loss
during operation. Sulfide electrolytes are highly conduc-
tive, and easily vulnerable to moisture, and when stored
will also emit hydrogen sulfide gas to the air, which cre-
ates environmental and health risks when stored or when
it leaks. These operational limits also indicate that neither
electrochemical functionality nor environmental sustain-
ability can be independent of the other and that efficiency
and safety in the real-world conditions of operation should

be factored into designing materials and systems.

4.4.Interface Degradation and Lithium Den-
drite Formation
A major operational issue in SSBs, especially those
with lithium-metal anodes, is the stability of interfaces "\
The interfaces between lithium metal and solid electrolytes

are solid-solid interfaces that are susceptible to mechanical
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and chemical degradation over repeated lithiation/delithi-
ation cycles. Dendrite growth can be caused by localized
void formation, micro-cracks, or uneven lithium deposi-
tion, posing a risk to safety and efficiency. Although solid
electrolytes are claimed to offer a physical barrier that de-
ters penetration of dendrites compared to liquid systems,
the effect is not completely suppressed particularly in high
current densities.

Environmentally, the indirect effects of interface
degradation exist. Increased capacity fade would result in
reduced battery life, which would require more frequent
replacements and, therefore, the upstream environmental
impact of the extraction of raw materials and manufac-
turing processes. Furthermore, degradation may lead to
decreased energy efficiency, using more electricity to run
it and producing carbon emissions. It is thus not only es-
sential to the performance of electrochemical systems to
address these challenges using interface engineering, e.g.,
surface coating, buffer layers, or graded electrolyte struc-

tures but also to the sustainability of operation *".

4.5.0perational Lifetime and Degradation
Pathways

Various degradation processes affect the operational
lifetime of SSBs and these processes include the decompo-
sition of electrolytes, change in electrode volume and inter-
facial instability “*. In comparison with liquid-electrolyte
systems, in which the decomposition of electrolytes may
result in the formation of gases and in a dendritic short cir-
cuit, SSBs are slower to chemically degrade in moderate
conditions. However, mechanical strains, especially at hard
borders, may build up with time and trigger the onset of
microstructural damage. The combination of high-voltage
cathodes with the use of lithium-metal anodes increases
the stresses, because repeated cycling causes anisotropic
volume changes.

One of the greatest sustainability advantages of
SSBs, in terms of the environment, is the increased op-
erating lifetime ). A battery capable of maintaining a
capacity of >80% after thousands of cycles will be able
to last year’s longer before replacement, cutting down on
cumulative material use, and embodied carbon. But when
degradation is not carefully controlled, e.g., through lack
of interface engineering or lack of thermal control, the pos-

sible benefits to the environment can be lost. Quantitative

life-cycle analyses indicate a 25-30% reduction of the total
carbon footprint of a battery-powered system by doubling
operational lifetime, and the relevance of operational sta-

bility to environmental performance.

4.6. Charging Strategies and Energy Efficien-
cy

There are also direct environmental implications
on the efficiency of the energy storage and retrieval when
the plant is in operation. Coulombic efficiency can be de-
creased by high internal resistance, slow ionic transport or
interface degradation, resulting in losses of energy in each
charge-discharge cycle. In the case of SSBs, ionic solids'
conductivity, interfacial resistance, and electrode struc-
ture are strongly related to energy efficiency “. Although
chemically stable, oxide electrolytes may tend to have
increased grain boundary resistance, which may decrease
operational efficiency at high currents. Sulfide-based
electrolytes offer better ionic conductivity, which can be
more efficient but demands tight moisture control. Low
conductivity in polymer electrolytes, especially when tem-
peratures are below ambient, can lead to higher voltages
applied and energy loss.

Small operational energy losses on a per-cycle basis
add up to thousands of cycles, and add to the overall en-
vironmental impact of the battery system. Poor operation
amplifies the use of electricity and when the electricity is
produced by the usage of fossil fuels then the emissions
of greenhouse gases can be used to offset the gains made
by the use of safer and higher-energy-density SSBs. The
charging protocols, thermal management, and electrolyte
design should thus be optimized to ensure the best perfor-

mance as well as green sustainability >,

4.7. Applications and Environmental Implica-
tions

The environmental advantages of SSB operation are
relative, and depend on the application. The reduction in
the size and weight of battery packs in electric vehicles
is possible due to a combination of increased energy den-
sity and safety, without affecting driving range, resulting
in significant savings of operational energy consumption
and greenhouse gas emissions. Long battery life also re-
duces replacement rates, which reduces the number of raw

materials required and the environmental effects thereof.
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SSBs in stationary energy storage can allow more compact
installation and higher round-trip efficiency, which could
allow more renewable energy sources to be integrated be-
cause it minimizes the energy loss during storage and re-
covery ",

These benefits can, however, be achieved depending
on effective system integration. To do this, thermal man-
agement systems, such as those, should be designed to en-

sure optimum performance of the electrolytes, especially,

polymer-based or low-conductivity oxide electrolytes .

Not doing so may decrease the efficiency of operations,
cause faster degradation, and decrease the environmental
benefits. Equally, high-rate applications, like grid stabili-
zation or rapid charging EV infrastructure, impose extra
load on SSBs, underscoring the need to make SSBs perfor-
mance-optimized to achieve sustainability. Table 3 sum-
marises the operational benefits and environmental risks of
SSBs.

Table 3. Operational benefits and potential environmental risks of solid-state batteries, including energy density, safety, cycle life,

and charging efficiency.

Operational Aspect Environmental Benefit

Potential Risk/Limitation

Impact on Sustainability

High energy density ~ Reduced battery mass and material use

Lithium-metal anode Higher capacity, longer lifetime
Reduced fire risk

Fewer replacements

Thermal safety
Cycle life

Charging efficiency Higher coulombic efficiency

Stress on interfaces
Dendrite formation, safety concerns
Poor thermal conductivity in solids
Degradation due to interfacial voids

Temperature-dependent conductivity

Lowers carbon footprint per kWh
Shortened lifetime if unstable
Safety reduces environmental hazards from fires
Longer life reduces raw material demand

Lower energy loss contributes to reduced opera-
tional emissions

4.8. Critical Assessment of Operational Risks

Although they have their benefits, SSBs are not im-
mune to operational risks that could affect the environmen-
tal outcomes. Capacity fade and decreased efficiency can
be due to interface degradation, formation of dendrites,
and conductivity changes based on temperature . These
concerns highlight the need to implement holistic design
solutions that incorporate the choice of electrolyte, elec-
trode structure, and cooling. Furthermore, not all solid
electrolytes, especially sulfides, can be handled without the
emission of toxic gases, which underlines the importance
of the safety of operations and environmental protection.

One of the crucial points is that operational perfor-
mance and sustainability are closely interrelated. Long
cycle life and high energy density are only of benefit to
the environment when the battery is stable and efficient in
the course of its operation ", On the other hand, upstream
benefits of safer, higher-density chemistries can be can-
celed out by premature failure or inefficient operation. This
interdependency emphasizes the relevance of integrated
life-cycle thinking, in which the operational strategies are
considered in addition to the material choice, manufactur-

ing, and end-of-life management.

4.9. Outlook and Future Directions

Future studies on the sustainability of SSBs' opera-

tion must aim at improving the performance and environ-

mental performance. The major directions are the creation
of interface engineering measures to inhibit the formation
of dendrites, thermal engineering measures to meet the
requirements of solid electrolytes, and electrolyte compo-
sitions to be highly conductive over a wide temperature
range. Moreover, the introduction of real-time monitoring
and predictive maintenance systems can extend the life of
the battery, minimize the energy that is lost in the opera-
tion, and improve the environmental performance "
Environmentally, it is necessary to quantify the ben-
efits of operations via Life-cycle assessment. Indicators
like the carbon dioxide emissions per kilowatt-hour sup-
plied, material usage per cycle, and power efficiency in the
real operating environment should guide the technology
advancement, as well as its business implementation. Ad-
ditionally, operational enhancement and downstream recy-
cling should be investigated in terms of synergies, as the
long-term lifetimes can decrease the material throughput

and support circular economy approaches "',

5. End-of-Life Management and Re-
cycling

The final phase of solid-state batteries can be a de-
termining factor in their overall environmental impact and
sustainability. Although the benefits of SSBs in their oper-

ations, including increased energy density, enhanced safe-
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ty, and extended cycle life, can diminish the environmental
effects at the upstream stage, the recovery, reuse, and recy-
cling of the materials at the EOL phase are still significant
issues. In contrast to standard lithium-ion batteries, SSBs
bring new chemistries and material designs, such as solid
electrolytes and lithium-metal anodes, making them more
difficult to recycle and requiring new strategies >’ EOL
management should be used to reduce environmental risks
and minimize resource depletion, and facilitate the goals of

the circular economy.

5.1. Unique Challenges of Solid-State Battery
Recycling

The chemical and structural complexity of SSBs poses
special challenges to recycling. The traditional lithium-ion
battery recycling is based mostly on hydrometallurgical
or pyrometallurgical processes based on liquid-electrolyte
chemistries and graphite anodes. By comparison, SSBs em-
ploy solid electrolytes such as sulfide and oxide ceramics,
as well as polymeric electrolytes, and frequently incorporate
lithium-metal anodes, which are very reactive ">, These
characteristics present mechanical and chemical difficulties
during dismantling and material recovery.

An example is the sulfide-based solid electrolytes,
which are moisture sensitive and release hydrogen sulfide
(H,S) gas on exposure to air or water. This makes it a spe-
cial one during recycling to avoid toxic emissions, which
makes the operation more complex and expensive. Al-
though chemically stable, oxide-based electrolytes are brit-
tle and need high-energy mechanical processing to be sep-
arated from electrodes with a minimal amount of material
wasted %, Polymeric electrolytes can be hard to separate
and dissolve to retrieve the material, which can also pro-
duce microplastic waste unless properly handled. The reac-
tivity of lithium-metal anodes prohibits their processing by
standard aqueous-based processes and requires either inert

. . . 3
atmosphere processing or other chemical processing ).

5.2.Recycling Methods and Their Environ-
mental Implications

The recycling of SSBs may be categorized in broad
terms into three methods, including pyrometallurgical, hy-
drometallurgical, and the emergent mechanical or direct
recycling methods "*. Both approaches have their own

environmental benefits and issues. High-temperature pro-

cessing of battery materials to extract valuable metals like
cobalt, nickel, and lithium is known as pyrometallurgical
recycling. Pyrometallurgical processes can be effective-
ly used to recover cathode metals in SSBs, whereas solid
electrolytes and lithium-metal anodes can decompose,
volatilize, or react during heating "*. The high tempera-
tures, which normally exceed 800—1,000 °C, consume a lot
of energy and result in the emission of greenhouse gases.
Moreover, secondary wastes may be produced during py-
rometallurgical treatment, e.g., slag or metal oxides, which
need further handling or disposal.

The hydrometallurgical recycling is based on the use
of chemical leaching and separation of metals in the solu-
tion ™), Although it is a great method of extracting lithium,
cobalt, and nickel using conventional electrodes, hydrome-
tallurgical processes have difficulty with SSBs. Solid elec-
trolytes like sulfides can react with aqueous acids, emitting
poisonous gases, and oxide electrolytes can be insoluble
and decrease recovery efficiency. Large amounts of chemi-
cals are also used in hydrometallurgical processes and may
cause water contamination and chemical waste unless they
are managed appropriately. It is thus of great importance to
optimize the leaching agents, process conditions, and the
recovery efficiency to reduce environmental impact.

Mechanical and direct recycling techniques are new
approaches to SSBs, which aim to retain the electrode and
electrolyte structures to be reused "”'. Electrode layers can
be separated by mechanical disassembly, crushing, and
sieving, without using much chemical treatment. Direct
recycling seeks to recover cathode and electrolyte materi-
als with the least chemical processing, which may result
in less energy usage and chemical waste. Indicatively,
low-temperature delamination or solvent-assisted separa-
tion can be used to enable the solid electrolyte to be reused
in new cells. These approaches are in the research stage,
although they hold promise, and need to be scaled and
standardized to be used in the industry.

5.3. Material Recovery and Circular Economy
Potential

One of the main environmental goals of SSB recy-
cling is the recovery of materials "*. Some of the essen-
tial components, lithium, cobalt, nickel, and rare-earth
elements, are finite, and their recovery contributes to the

security of the supply chain, as well as resource efficiency.
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Not only does effective recovery lead to a decrease in the
extraction of virgin material, but it also alleviates the ef-
fects of the activity on the environment and the social con-
ditions around the mining activity.

Circularity has its opportunities and challenges with
solid electrolytes. In the case of sulfide electrolytes, chem-
ical reactivity complicates recovery, but successful reuse
would decrease the environmental impact of electrolyte
production, otherwise energy-intensive. Oxide electrolytes
are more stable but must be processed more energetically,
which shows a trade-off between stability and recyclability
of the materials ™.

Polymeric electrolytes can be dissolved or chemi-
cally recycled more easily, lithium salts, or polymer scaf-
folds can be recovered, but the environmental cost of us-
ing solvents and possible microplastic formation should
be addressed cautiously ", In addition to the recovery of
the materials, SSB recycling can assist in a wider circular
economy. Recycled materials can be used in the production
of new batteries, thereby lowering the mining and trans-
portation of raw materials. Circularity can be further pro-
moted through modular design strategies enabling disas-
sembly, reuse, and repair to increase the functional life of
battery packs and reduce the overall environmental impact.
Life-cycle analysis demonstrates that a circular approach,
when properly adopted, can decrease the carbon footprints
of battery manufacturing by 2040, based on material re-

covery rates and process efficiency.

5.4. Regulatory and Policy Landscape

The recycling of SSB has an environmental sustain-
ability that is not only dependent on technical aspects but
also on the regulatory systems. The updated Battery Direc-
tive (2006/66/EC) in the European Union has set minimum
recovery and recycling efficiencies of lithium, cobalt, nick-
el, and other critical materials, offering a powerful incentive
to industrial-scale recycling . The guideline also promotes
recyclable design, which compels manufacturers to think
about EOL management when designing cells and modules.
In the United States, there is an emerging similar initiative,
as the Department of Energy and industry programs are in-
vestigating modern battery recycling methods and develop-
ing material recovery and safety performance standards .

Policy frameworks are essential factors that deter-

mine the economics and environment of SSB recycling.
An example is that incentives to use recycled lithium or
cobalt can compensate for the increased processing costs
of SSB-specific recycling techniques. The chemical safe-
ty regulation, air pollution law, and waste disposal also
contribute to the implementation of more environmentally
friendly practices, so that the recycling process has mini-
mal secondary effects on the environment "', To maximize
the benefits of material recovery and sustainability, har-
monizing global standards and encouraging industrial best

practices is crucial.

5.5.Critical Analysis of Environmental
Hotspots

Although the results can be advantageous, there are
still a number of environmental hotspots of SSB recycling.
The dominance of energy consumption and the emission
of greenhouse gases by the high-temperature pyrometallur-
gical processes, the generation of chemical waste, and the
use of a lot of water by the hydrometallurgical treatments
make these processes seem disadvantageous *”. Mechan-
ical separation is less energy-intensive, but can lead to the
loss of material or low recovery efficiency, especially with
brittle oxide electrolytes or lithium-metal anodes ™. Also,
the use of reactive materials like lithium metal or sulfide
electrolytes poses operational hazards that, without ade-
quate management, may result in chemical releases or oc-
cupational hazards.

Sustainability-wise, the most important issues are to
maximize recovery rates and reduce energy and chemical
inputs ™. These hotspots can be addressed by innovations
in direct recycling, solvent-free separation, and modular
design, although they are not widely used in the industry.
The relationship between the recycling efficiency, materi-
al value, and environmental impact is complicated, which
underscores the importance of considering the life cycle in
a unified manner. For example, energy-intensive processes
may be justified if they enable the recovery of high-value or
scarce materials, whereas low-energy methods may result in

incomplete recovery and increased upstream mining.

5.6. Strategies for Improving EOL Sustain-
ability

The environmental sustainability of SSB EOL man-

agement can be improved using a number of strategies.
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To begin with, recyclability design ought to be considered
during the initial stages of battery design . This would
involve the use of less reactive material, which is easier
to recycle and aligns with the existing recycling facilities.
Indicatively, polymer-based or composite solid electro-
lytes can be easier to disassemble and have fewer chemical
hazards than sulfide electrolytes. Likewise, cathode chem-
istries with lower cobalt concentration, but high perfor-
mance, can mitigate environmental and social risks. Sec-
ond, it is important to optimize the process. Reduction of
energy use during mechanical or thermal treatment, closed-
loop solvent recovery in hydrometallurgical processes, and
low-temperature or direct recycling methods can help no-
tably decrease the environmental impact **. The life-cycle
assessment can inform decisions by revealing hotspots and
quantifying trade-offs between recovery efficiency, energy
use, and chemical emissions.

Third, sustainability can be enhanced by combining
with circular economy efforts ', The recovered materials
can be recycled in the production of the battery, which will
decrease the reliance on virgin raw materials and mini-
mize the environmental impacts of mining and processing.
Battery components should be standardized and built in a
modular fashion to further support repair, refurbishment,
and reuse, prolonging battery life and postponing the entry
into the recycling stream.

Lastly, policy and industrial cooperation are need-
ed to facilitate effective recycling 'Y, The development
of recycling technologies that would be environmentally
responsible can be hastened with the help of regulatory in-
centives for material recovery, safety standards for dealing
with reactive solid electrolytes, and collaboration between
manufacturers, recyclers, and research institutions. The
collaboration of both the government and industry is espe-
cially necessary when it comes to direct recycling scaling
and other innovative approaches that are yet to be support-

ed by commercial infrastructure.

5.7. Outlook and Future Directions

SSBs' EOL management is a challenge and an op-
portunity for sustainable energy storage. Existing recycling
technologies, optimized based on traditional lithium-ion
batteries, do not quite support the wide chemistries and

structures of SSBs. The combination of material inno-

vation, process development, and policy support will be
needed to address the unique challenges of solid electro-
lytes, lithium-metal anodes, and new cathode materials !"*'.
Future research directions should be on establishing
scalable direct recycling processes that do not degrade the
structure and performance of recovered materials to reduce
energy and chemical inputs. The high-technology separa-
tion methods, including electrochemical delithiation or se-
lective solvent dissolution, might allow effective recovery
of both active materials and solid electrolytes. Process de-
sign should be incorporated with life-cycle assessment to
make sure that the benefits of the environmentally friendly
recovery of materials are greater than the cost of the ener-
gy and resources used in the process of recycling ™.
Moreover, circular design principles need to be im-
plemented in SSBs at an early stage "'*. Manufacturers
can minimize the environmental impact of operations and
end-of-life by focusing on materials that are recyclable,
low-toxicity, and abundant. Standardized components,
modular battery designs, and repairable designs will fur-
ther enable sustainable reuse and recycling. Combined
with regulatory frameworks that encourage responsible
recycling, these measures can turn SSB EOL management
into a technical challenge instead of a crucial enabler of
a sustainable battery ecosystem. Figure 2 illustrates the
main recycling pathways for SSBs, highlighting energy de-

mand, material recovery, and environmental trade-offs.

6. Conclusion and Future Perspec-
tives

Solid-state batteries are a breakthrough technology in
energy storage, with the potential to achieve greater ener-
gy density, safer operation, and longer operating lifetimes
than traditional lithium-ion technologies. This review has
critically discussed the environmental consequences of
SSBs through their life cycle, including raw materials ex-
traction and production, their operations and end-of-life
management, the challenges, and opportunities of such
new systems.

SSBs have their advantages as well as complications
at the raw material level. Although the decreased use of lig-
uid electrolytes and the potential to reduce cobalt is benefi-

cial to the environment and ethics, the use of lithium-metal
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anodes and solid electrolytes has raised new resource and
toxicity issues. Each of the sulfide, oxide, and polymer
electrolytes has a different environmental footprint, which

is affected by the scarcity of the elements, chemical reac-

Recycling Materials

Energy/Resource

tivity, and processing needs. Sustainable SSB development
should therefore be based on the responsible sourcing of
key elements like lithium, nickel, and rare-earth, as well as

measures to reduce hazardous or high-impact precursors.

: Potential for
Environmental

Circular
Method Recovered Demand Challenges
Economy
r N s N\ s
Pyrometallurgy Co, Ni, Li (partially) Very high Emissions, cnergy- Moderate
ntensive
\, \, s \, J \,
- « r 3 r « r N r \
. ! . . . Chemical waste, High if solvents
Hydrometallurgy Li, Co, Ni High water use reeycled
\ J \ J \
r 3\ r 3 r 1 r N r \
Mechanical/Physical Electrodes, solid L Limited recovery Moderate, potential
] oW .
Separation electrolyte fragments efficiency for reuse
L A \ J - S " S \ J
'd R r = s ~ s ™\ s B
1 = b 1
Dlre;:(t / Low-temp Cathade + electrolyte Moderate Process development, High, preserves
ecycling scaling material structure
\ J \. J . A . J . J
- ~ - ™\ ' ~ - ~ 'a ~
Polymer electrolyte Li salts, polymers Moderate Solvent use, High with solvent
dissolution microplastic risk Tecovery
\ \ v, \ 7 J L 7

Figure 2. Recycling pathways for solid-state batteries, showing pyrometallurgical, hydrometallurgical, mechanical, and direct recy-

cling methods with associated material recovery and environmental impacts.

In the production process, SSB is still energy-inten-
sive, especially with the oxide and sulfide solid electro-
lytes, which must be sintered at high temperatures or using
a controlled atmosphere. The use of solvents, high-energy
densification, and lithium-metal handling are additional
environmental and safety issues intensifiers. However, the
development of low-temperature sintering, solvent-free
electrode formation, and scalable composite electrolyte
solutions provides avenues to reduce these effects. It is
essential to incorporate the idea of circular design and en-
ergy-saving production approaches to make sure that the
benefits of the operational features of SSBs are not neutral-
ized by the environmental costs of their upstream aspects.

The SSBs are clear in offering a chance of envi-
ronmental good during the operational phase. Increased
energy density, safety, and possibility of increased cycle

life are translated into the form of minimized material con-

sumption, minimized operational emissions, and increased
efficiency in the system. Nevertheless, the operational
sustainability is conditional upon the prudent regulation of
the thermal performance, ionic conductivity, and interface
stability. To reduce performance and lifetime, degradation
mechanisms like dendrite growth, interface voiding, and
capacity loss can undermine efficiency and lifetime, high-
lighting the mutual reliance between performance optimi-
zation and environmental performance.

The SSBs have a major challenge at end-of-life be-
cause of their new chemistries and complicated architec-
tures. Conventional recycling techniques, such as pyrome-
tallurgical and hydrometallurgical techniques, typically do
not permit lithium-metal anodes and reactive solid electro-
lytes. Direct recycling, mechanical separation, and mod-
ular designs have potential solutions that can help reduce

energy use, minimize chemical waste, and reuse valuable
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materials. The combination of principles of the circular
economy, regulatory incentives, and design-with-a-view-
to-recycle strategies will play a crucial role in making sure
that the deployment of SSB will deliver maximum envi-
ronmental and economic value.

Combined, these observations indicate that the sus-
tainability of SSBs cannot be presupposed only due to the
benefits of their operation. The raw materials, manufactur-
ing, operation, and end-of-life are important factors that
must be considered in a holistic life-cycle approach to the
understanding and optimization of the environmental out-
comes. The combination of material choice, processing ef-
ficiency, operational performance, and recycling will dic-
tate whether SSBs may succeed in being more sustainable
than conventional batteries.

In the future, a number of research and development
directions can be seen as essential. Electrode and solid
electrolyte processing processes at low temperatures and
scale are required to lower energy intensity in manufac-
turing. The use of interface engineering methodologies to
suppress dendrites and improve cycle life will maximize
operational efficiency and environmental results. State-of-
the-art recycling technologies, as well as the principles of
modular and circular design, will help to close the loops
of materials and diminish the reliance on virgin resources.
Furthermore, by incorporating life-cycle assessment into
design, production, and policy models, the environmental
concerns will inform the development of technologies as
well as the electrochemical performance.

While integrating life-cycle assessment into SSB de-
velopment is essential, practitioners face unique method-
ological challenges that require specific guidance. First, the
absence of commercial-scale production data necessitates
using laboratory or pilot-scale inventories, which should be
accompanied by uncertainty analyses and scenario-based
sensitivity assessments to account for scale-up variability.
Second, allocation methods for novel materials—particu-
larly solid electrolytes co-produced with other chemicals
or recycled streams—must be clearly justified; mass-based
allocation may be inappropriate when functional properties
differ, suggesting economic or exergy-based alternatives.
Third, the functional unit should reflect SSB-specific per-
formance advantages (e.g., cycle life, energy density) rath-

er than simple mass or capacity metrics, recommending

kWh delivered over lifetime. Fourth, system boundaries
must include inert atmosphere requirements for sulfide
electrolytes and lithium-metal handling, which are often
omitted in conventional LIB LCAs. Finally, end-of-life al-
location should distinguish between open-loop recycling
(materials entering other sectors) and closed-loop recovery,
with careful treatment of material quality degradation. We
recommend that future LCA studies explicitly report these
methodological choices and conduct comparative assess-
ments against conventional LIBs using consistent assump-
tions.

To sum up, SSBs provide a new chance to develop
new energy storage in the next generation and solve essen-
tial environmental issues. This potential needs a multi-dis-
ciplinary approach that integrates material science, process
engineering, environmental assessment, and policy sup-
port. Through integrating high performance with sustain-
ability concerns through the battery life cycle, SSBs can
not only improve energy storage technology, but also be-
come an important part of a more environmentally respon-

sible and resilient energy future.
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