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Abstract: Solid-state batteries (SSBs) have emerged as a promising alternative to conventional lithium-
ion batteries, with notable advantages in safety, energy density, and longevity, yet the environmental
implications of their life cycle, from manufacturing to disposal, remain a critical concern. This review
examines the environmental impacts associated with the production, use, and end-of-life manage-
ment of SSBs, starting with the extraction and processing of raw materials, and highlights significant
natural resource consumption, energy use, and emissions. A comparative analysis with traditional
battery manufacturing underscores the environmental hazards of novel materials specific to SSBs.
The review also assesses the operational environmental impact of SSBs by evaluating their energy
efficiency and carbon footprint in comparison to conventional batteries, followed by an exploration
of end-of-life challenges, including disposal risks, regulatory frameworks, and the shortcomings of
existing waste management practices. A significant focus is placed on recycling and reuse strate-
gies, reviewing current methodologies like mechanical, pyrometallurgical, and hydrometallurgical
processes, along with emerging technologies that aim to overcome recycling barriers, while also
analyzing the economic and technological challenges of these processes. Additionally, real-world
case studies are presented, serving as benchmarks for best practices and highlighting lessons learned
in the field. In conclusion, the paper identifies research gaps and future directions for reducing
the environmental footprint of SSBs, underscoring the need for interdisciplinary collaboration to
advance sustainable SSB technologies and contribute to balancing technological advancements with
environmental stewardship, thereby supporting the transition to a more sustainable energy future.

Keywords: solid-state batteries; sustainability; recycling; waste management; green technology

1. Introduction

Solid-state batteries (SSBs) represent a pivotal advancement in the realm of energy
storage technologies, poised as the next evolutionary step beyond the conventional lithium-
ion batteries that have underpinned the development of modern portable electronics and
the electric vehicle (EV) industry [1-3]. By substituting traditional liquid or gel electrolytes
with solid alternatives, this innovative battery type ushers in a radical redesign of battery
architecture [1]. This transformation has the potential to significantly enhance the efficiency,
safety, and durability of energy storage systems, promising to redefine energy usage
across a broad spectrum of applications, from consumer electronics to large-scale energy
storage solutions [4]. The allure of SSBs lies in their multifaceted advantages over their
liquid-based predecessors [4,5]. Central to these is the higher energy density afforded by
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solid electrolytes, which translates into longer-lasting power sources without the need
for increased size or weight [5]. This is particularly critical for the electric vehicle sector,
which constantly seeks to extend range without adding bulk. Moreover, the shift away from
liquid electrolytes markedly reduces the risk of leakage and battery fires, thereby enhancing
safety and potentially accelerating the adoption of EVs and portable devices alike [6].
Table 1 provides a comparison of solid-state batteries (55Bs) and conventional lithium-ion
batteries (LIBs) across various aspects, including technology, advantages, challenges, and
environmental impacts. It highlights the strengths and limitations of each battery type,
aiding in understanding the batteries’ roles in current and future energy storage solutions.

The transition from liquid to solid electrolytes is more than a mere material swap: it is
a fundamental reimagining of the battery’s internal architecture [7]. Solid electrolytes—be
they ceramic, glass, sulfide, or polymer—introduce a diverse palette of materials, each
with unique properties tailored to specific applications [7,8]. This versatility enables the
design of batteries that are not only safer and more efficient but also customizable to the
needs of different technologies and industries. Figure 1 presents a schematic of an optimal
high-energy solid-state battery configuration, featuring components such as a slender
positive electrode current collector, a robust positive electrode, a delicate electrolyte sepa-
rator, a lithium negative electrode that expands during charging, and a narrow negative
electrode current collector. Such a transition marks a crucial step toward overcoming the
limitations that have long hampered the performance and safety of lithium-ion batteries.
The adoption of solid electrolytes significantly alters the landscape of ion transport within
the battery, providing pathways for ions to move between electrodes without the volatility
associated with liquid counterparts [9]. This shift has profound implications for the bat-
tery’s overall efficiency and operational temperature range, potentially enabling solid-state
designs to operate more effectively across a wider spectrum of conditions than traditional
batteries [9,10]. Additionally, the precision with which these materials can be engineered
allows for improved control over ion flow, thereby reducing energy loss and enhancing
charging speeds [11].

However, the introduction of solid electrolytes underscores the challenge of interface
dynamics: the interactions at the boundaries between the solid electrolyte and the battery’s
electrodes [12,13]. These interfaces are critical to the battery’s performance, influencing
the efficiency of ion transfer and consequently affecting the battery’s capacity and lifespan.
Addressing these dynamics necessitates innovative materials science approaches to ensure
these interfaces remain stable and conducive to ion movement. As development progresses,
SSB technology stands as a beacon of potential for the future of energy storage, with
superior energy density, safety profile, and longevity [14]. SSBs could play a crucial
role in advancing renewable energy adoption, powering next-generation electronics, and
transforming the automotive industry, not merely refining the technology but also scaling
up production processes to make SSBs a viable and sustainable option [14,15].

The environmental impact of material extraction for SSBs, however, presents signifi-
cant concerns [16]. Key components like lithium, cobalt, and nickel are often sourced from
ecologically sensitive areas where mining activities can disrupt ecosystems, pollute water
sources, and contribute to deforestation and carbon dioxide emissions [16-18]. Addressing
these concerns necessitates more sustainable mining practices, less invasive extraction
technologies, and regulations to protect ecosystems and communities [17]. Moreover, the
production of SSBs is inherently energy-intensive, requiring high-temperature sintering
processes for solid electrolytes and precise assembly conditions [19,20]. Optimizing these
processes for energy efficiency is paramount, with innovations such as lower-temperature
synthesis methods and the integration of renewable energy into manufacturing facilities po-
tentially reducing the carbon footprint associated with battery production significantly [19].
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Table 1. Comparison of solid-state and lithium-ion batteries: technology, advantages, challenges, and

environmental impact.

Solid-State Batteries (SSBs)

Conventional Lithium-Ion Batteries (LIBs)

SSBs represent a significant advancement over LIBs
by replacing traditional liquid or gel electrolytes

LIBs use liquid electrolytes (typically lithium salts in
organic solvents) to facilitate ion movement between

Technology with solid alternatives. This transition allows for electrodes. They have been foundational in portable
greater design flexibility and potential for higher electronics and the electric vehicle industry for
energy densities. decades.

. . . Established infrastructure: LIBs benefit f
Higher energy density: Solid electrolytes enable the stabiished mnirastructure s benehit trom
. . ST . established manufacturing processes and
use of more active materials, resulting in batteries . .
. infrastructure for large-scale production. They also

that can store more energy per unit volume or . .
weight have well-developed recycling methods, supporting

ght- their economic and environmental sustainability.
Improved safety: solid-state design reduces the risk
of electrolyte leakage, thermal runaway, and fire
hazards associated with liquid electrolytes.

Advantages Longer lifespan: enhanced chemical stability of solid
electrolytes contributes to longer cycle life and
durability.

Efficiency across conditions: solid-state architecture

enhances battery efficiency across a wider range of

temperatures and operating conditions.

Potential for faster charging: the solid-state design

allows for faster ion transport, potentially enabling

quicker charging times compared to LIBs.

Interface dynamics: solid electrolytes require precise

engineering to maintain stable interfaces with Safety concerns: liquid electrolytes are prone to
electrodes, which can affect battery performance and leakage and pose fire risks under certain conditions.
longevity.

Material science innovation: continued research is Lower energy density: limited by the capacity of

Challenges needed to optimize solid electrolyte materials for liquid electrolytes to store ions, which restricts
performance, cost, and scalability. energy storage capacity relative to SSBs.

Envi tal i t: include thy . .. .

nvironmentat impact: concerns tnciuce the Operating efficiency: LIBs may exhibit lower
ecological footprint of raw material extraction (e.g., . -

e . . efficiency and performance variability across
lithium, cobalt, nickel) for solid electrolytes and the . .

. . . . different temperature ranges compared to solid-state
energy-intensive manufacturing processes for solid )
designs.
electrolytes.
Material f ials like lithi . . . -
ateria extr?ctlon mnmg o materials like lithium, Material extraction: extraction of lithium and other

cobalt, and nickel for solid electrolytes can have . L .

N . . . . . materials for liquid electrolytes can involve
significant environmental impacts, including habitat . o . -

. . . P environmentally sensitive mining practices.
disruption, water pollution, and carbon emissions.
E int ity: facturi fi . . .

Environmental NErgy MIensity: manuiacturing processes for Production processes: energy-intensive
solid-state batteries, such as high-temperature : . ,
Impact manufacturing processes contribute to LIBs’ carbon

sintering for solid electrolytes, contribute to their
carbon footprint.

footprint and environmental impact.

Recycling challenges: developing effective recycling
methods for SSBs is crucial to minimize waste and
recover valuable materials due to the complex
composition of solid-state battery cells.

Recycling and disposal: LIBs have established
recycling infrastructure, but challenges remain in
efficiently recovering materials and reducing waste
in their end-of-life management.

The use phase of SSBs also offers considerable environmental advantages due to
their higher energy density and efficiency, leading to longer lifespans and less frequent
replacements [21-23]. This reduces the demand for raw materials and the energy associated
with manufacturing new batteries while enhancing safety and stability, thereby mitigating
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the risk of environmental contamination. However, as these batteries reach the end of their
useful life, their disposal poses unique challenges due to their novel materials and complex
structures [22]. Traditional recycling methods may not be directly applicable, necessitating
new technologies capable of efficiently recovering valuable materials. These efforts are
crucial for minimizing waste, reducing the demand for virgin materials, and lessening
the environmental impact of battery production [23]. Establishing a circular economy for
battery materials where components are reused and recycled becomes an essential goal for
sustainable battery technology [21].

/ Current collector
<10 pm

/ Li negative electrode
1-5 um seed
+15-40 um from positive electrode

‘-f— Electrolyte separator
1-20 pm, ideally DRY

[-i —— Positive electrode
45-200 um, ideally DRY

| —— Current collector
<10 pm

Figure 1. Schematic of an optimal high-energy solid-state battery configuration, featuring components
such as a slender positive electrode current collector, a robust positive electrode, a delicate electrolyte
separator, a lithium negative electrode that expands during charging, and a narrow negative electrode
current collector. Reprinted with permission from ref. [7], Copyright 2021, ACS Energy Letters.

Addressing the environmental implications of SSBs is not merely about overcoming
challenges: it represents an opportunity to lead in the transition to a more sustainable
and responsible energy storage future. Through collaborative efforts among researchers,
industry stakeholders, policymakers, and communities, it is possible to develop SSB tech-
nologies that not only advance the frontiers of energy storage but also do so in a manner
that respects and preserves the environment for future generations. This comprehensive
approach to sustainability, emphasizing the development of less harmful material extrac-
tion processes, energy-efficient manufacturing practices, and innovative recycling and
disposal methods, can significantly mitigate the environmental impact of SSBs [24,25].
Regulatory frameworks and industry standards that emphasize sustainability can further
drive improvements across the sector, encouraging the adoption of best practices and sup-
porting research into more eco-friendly materials and processes, resulting in a significant
shift towards more reliable, efficient, and safer energy storage solutions with far-reaching
impacts across multiple sectors [24].

This review evaluates the environmental impact of SSBs across their life cycle com-
pared with conventional lithium-ion batteries to illuminate both the progress and challenges
in harmonizing technological advancement with environmental sustainability. It delves
into the environmental implications of manufacturing SSBs, from raw material extraction
to emissions and novel materials’ potential hazards, offering a comprehensive comparison
with traditional battery production methods. Additionally, it assesses operational impacts,
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end-of-life management, and recycling challenges, highlighting technological and economic
barriers as well as innovative recycling techniques. By exploring strategies for sustainable
life cycle management and showcasing successful case studies, the review underscores the
importance of interdisciplinary research in advancing SSB technologies. It aims to foster a
balanced approach to technological innovation and environmental stewardship, advocating
for continued research and policy development to support the sustainable evolution of
energy storage solutions.

2. Environmental Impact of SSB Manufacture
2.1. Raw Material Extraction and Processing

Solid-state batteries feature a composition distinct from conventional lithium-ion
batteries. Inside an SSB, the components include solid electrolytes, which replace the liquid
or gel electrolytes found in LIBs. These solid electrolytes are typically ceramics, sulfides,
or polymers that conduct ions between the battery’s electrodes (negative electrode and
positive electrode) without the need for a liquid medium. The negative electrode is often
composed of materials like lithium metal or lithium-containing compounds, crucial for
the battery’s energy storage capabilities. The positive electrode, similar to LIBs, consists
of active materials such as oxides or sulfides that facilitate the reversible transfer of ions
during charge and discharge cycles. Unlike LIBs, which rely on liquid electrolytes that
pose safety and environmental risks, SSBs aim to enhance safety by using solid electrolytes,
thereby reducing the risk of leakage and improving overall battery stability. Additionally,
SSBs may incorporate additional layers or coatings to enhance performance and protect
against environmental factors. This composition underscores the innovative approach of
SSBs in improving energy density, safety, and sustainability within the realm of energy
storage technologies.

In terms of the manufacture of SSBs, the environmental impact starts at the very begin-
ning with the extraction and processing of raw materials. This phase is crucial, as it directly
affects natural resources and dictates the overall sustainability of battery technology. The
extraction of key materials such as lithium, used for the battery’s negative electrode, various
metals (cobalt, nickel, lanthanum, and cerium), and ceramics for solid electrolytes poses
significant environmental challenges [26,27]. Mining activities for these materials can lead
to habitat destruction, water contamination, and a decrease in biodiversity. Furthermore,
the extraction processes are energy-intensive, contributing to a substantial carbon footprint.
A study by Raabe [26] highlighted that metal production is responsible for 40% of industrial
greenhouse gas emissions, consumes 10% of global energy, involves mining 3.2 billion
tons of minerals, and generates billions of tons in by-products annually. Consequently,
enhancing the sustainability of metals is imperative. The author explains that the circular
economy model falls short due to the demand for metals surpassing the supply of available
scrap by approximately two-thirds. Even in the best-case scenario, a significant portion of
metal demand—around one-third—will continue to rely on primary production, which
is associated with substantial emissions. Furthermore, Raabe argues that discussions on
the impact of metals on global warming often focus on mitigation strategies and socioeco-
nomic considerations, overlooking the critical role of materials science in advancing the
metallurgical sector’s sustainability. This oversight may stem from the characterization
of sustainable metals as a global issue rather than a cohesive field of study. However, the
environmental impact of producing over 2 billion tons of metals annually underscores
the urgency of addressing sustainability not just from a technological standpoint but also
through foundational materials research.

Studies [28,29] report that the processing of raw materials for battery manufacture,
including SSBs, involves significant energy consumption and emissions. For instance, in
the mining industry, which supplies raw materials critical for battery production, energy
consumption is substantial. According to sources such as the International Energy Agency
(IEA) [28], mining operations globally consume approximately 11% of the world’s total
energy supply, with a significant portion still sourced from non-renewable fossil fuels. This
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reliance on fossil fuels contributes significantly to carbon dioxide (CO,) emissions, which
are estimated to be around 1.9 billion metric tons annually from the mining sector alone.
This underscores the environmental impact of the energy-intensive processes involved in
mineral extraction and refining, highlighting the need for more sustainable energy prac-
tices in the mining and materials sectors to mitigate climate change effects [28,29]. The
refinement of extracted minerals into usable forms for battery manufacture requires high-
energy inputs, often sourced from fossil fuels, thereby exacerbating the carbon emissions
problem. According to Igogo et al. [28], the mining industry, a significant consumer of
energy and a primary supplier of raw materials for various sectors including renewable
energy technologies, faces increasing pressure to lower its emissions as global demand for
minerals rises with the economic advancement of low-income economies. Figure 2 illus-
trates the trends in renewable energy projects from 2000 to 2019, highlighting a significant
increase in the implementation of renewable energy by mining companies, particularly in
recent years. Before the year 2000, renewable energy was almost non-existent in mining
operations. However, there was a sharp increase in such projects by 2019, with the capacity
of installed renewable systems growing from 42 MW per year in 2008 to 3397 MW in 2019.
Notably, the majority of the installations in 2018 and 2019 consisted of hybrid systems.
These systems combine multiple technologies such as wind, solar, and energy storage,
and are often supported by fossil fuels to mitigate the inconsistency of renewable energy
production. The authors also explain that despite the financial appeal of reduced costs for
wind and solar PV technologies, the adoption of renewable energy within mining remains
limited, challenged by operational and technical complexities, yet integrating renewable
energy—through increased energy efficiency, energy recovery, and direct use in electric,
transportation, and thermal needs—presents a viable path to reduce carbon emissions and
harness cost savings. The authors further explain that the feasibility of integrating renew-
ables varies significantly with the mine’s location, development stage, and whether it relies
on external power or self-generation. Despite obstacles, strategic alliances between the
mining and energy sectors, capacity building, information sharing, supportive government
policies, and expanded research and development could facilitate a broader adoption of
renewable energy, advancing the sector towards sustainability.

Technology
Geothermal
M Hybnd
M Small hydro
M Solar
Wind

2009

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 2. Renewable energy initiatives linked to mining corporations. Reprinted with permission
from [28], Copyright 2021, Applied Energy.

The impact on natural resources extends beyond the immediate environmental foot-
print of extraction and processing [30,31]. The demand for materials like lithium, cobalt,
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and nickel is rapidly increasing, which raises concerns about the sustainability of these
resources. Research by Ferrari et al. [30] emphasizes the increasing pressure on the supply
of critical minerals essential for the production of SSBs, a cornerstone technology for the
future of energy storage and electric vehicles. Their research underlines a critical junction
at which the industry stands: without substantial progress in the recycling of these min-
erals and innovations using alternative materials, the risk of supply shortages becomes
increasingly likely. Such shortages pose a multifaceted threat, not only undermining en-
vironmental sustainability goals by hampering the shift away from fossil fuels but also
jeopardizing the economic framework supporting the advancement of SSB technology. The
potential scarcity of these vital components could lead to increased costs, slow the adoption
of green technologies, and ultimately impact the global push towards a more sustainable
and electrified future. Furthermore, this situation highlights the need for a more circular
economy in the materials sector, where recycling and reusing become as integral to the
supply chain as mining and extraction currently are. It also calls for a concerted effort
in research and development to identify and commercialize materials that can serve as
viable substitutes for these critical minerals, ensuring the resilience and sustainability of
the battery industry. Addressing these challenges is crucial for maintaining the pace of
technological innovation and securing a sustainable future for energy storage systems.

Given these challenges, there is a pressing need for the SSB industry to address envi-
ronmental concerns from the outset. This includes investing in research and development
efforts aimed at reducing energy consumption and emissions throughout the raw material
extraction and processing stages, as well as exploring sustainable mining practices and
alternative materials [32]. Dehghani-Sanij et al. [32] underscore the critical need for em-
bracing a comprehensive perspective on environmental sustainability within the realm of
battery production. The authors explain that the greenhouse gas emissions per kilogram
of battery typically exceed direct CO, emissions, with Pb-A batteries having the smallest
amount of CO, emissions (see Figure 3). Lead-acid batteries generally have the lowest CO,
emissions per kilogram compared to other battery types. This is primarily due to their
simpler manufacturing process and the use of relatively abundant and easily processed
materials like lead and sulfuric acid. Unlike more advanced batteries, such as lithium-ion
or solid-state batteries, lead-acid batteries require less energy-intensive extraction, refining,
and production processes. Additionally, their well-established recycling infrastructure
allows for efficient recovery of materials, further reducing environmental impact over the
battery’s life cycle. By advocating for the rigorous application of life cycle assessments,
their work illuminates the necessity to thoroughly evaluate and address the ecological
ramifications of SSB manufacturing, from the extraction of raw materials to the disposal or
recycling of end-of-life products. This approach is pivotal in identifying the direct and indi-
rect environmental impacts associated with the production process, enabling the industry
to devise strategies that minimize the depletion in natural resources and mitigate adverse
effects on the ecosystem. Implementing such a holistic strategy not only facilitates the
transition towards more eco-friendly manufacturing practices but also serves as a beacon
for the integration of sustainability principles in the development of advanced battery
technologies. Furthermore, by setting robust standards for environmental stewardship, the
battery industry can contribute significantly to the global efforts aimed at reducing carbon
footprints and combating climate change. This forward-thinking approach also fosters
innovation in material efficiency and recycling technologies, ultimately paving the way for
the realization of a circular economy in energy storage solutions.



Batteries 2024, 10, 255

8 of 36

20.0

16.0 -
12.0 -
8.0 1
4.0 1
0.0 - . . , '

Ni-MH Pb-A Ni-Cd Na-S Li-ion

Figure 3. Average CO, emissions from CTG, plus or minus one standard deviation, to produce a
kilogram of various batteries. Reprinted with permission from [32], Copyright 2019, Renewable and
Sustainable Energy Reviews.
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2.2. Manufacturing Process of SSBs

The manufacturing process of SSBs marks a pivotal departure from traditional method-
ologies employed in the production of conventional lithium-ion batteries. This shift is
primarily due to the unique assembly requirements and material composition inherent
to solid-state technologies. SSBs leverage a solid electrolyte instead of the liquid or gel
electrolytes found in lithium-ion batteries, necessitating different synthesis and assembly
techniques. These techniques, while promising higher energy densities and improved
safety profiles, introduce distinct challenges and environmental implications, particularly
in terms of energy consumption and the emissions generated during production [33-35].
For instance, the sintering process required to create solid electrolytes is energy-intensive,
potentially increasing the carbon footprint of the manufacturing phase compared to lithium-
ion battery production [33].

When comparing the manufacturing processes of SSBs to those of conventional lithium-
ion batteries (see Table 2), it becomes evident that each has its unique environmental
footprint. Lithium-ion battery production is well established, with optimization efforts
focused on reducing energy use and emissions [36]. However, it still relies heavily on the
use of volatile organic compounds and presents risks related to the handling and disposal
of toxic materials [36]. In contrast, SSB manufacturing, while eliminating the need for these
hazardous liquid electrolytes, requires high-temperature processes for the synthesis of solid
electrolytes and the integration of components, leading to significant energy demands [37].

The emission of greenhouse gases (GHGs) and other pollutants during the manufactur-
ing process of SSBs is a subject of growing concern [37]. The high-temperature processes not
only consume substantial amounts of energy, often derived from non-renewable sources,
but also contribute to GHG emissions. Additionally, the extraction and refinement of raw
materials necessary for SSB components, such as lithium, nickel, and cobalt, further con-
tribute to the environmental burden [37]. A study by Keshavarzmohammadian et al. [37]
examined the cradle-to-gate environmental repercussions of developing a sulfur-based
solid-state lithium pyrite battery designed for use in electric vehicles. Employing a process-
based attributional life cycle assessment approach, the authors integrated data from lab
research, existing literature, US patents, and the US-EI 2.2 life cycle inventory database to
calculate the materials and energy consumption involved in the battery’s projected produc-
tion and assembly phases. The battery, weighing 440 kg with a specific energy capacity of
182 Whkg ™!, was engineered for an 80 kWh energy storage capacity and 100 kW output,
enabling it to drive a full-size electric vehicle over a distance of 200 miles. Their findings
reveal a cumulative energy demand (CED) of 8.24 x 10'3 MJ kg~! and a global warming
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potential (GWP100) of 199 kg CO, eq. kWh~! over a century-long perspective. The au-
thors explain that major contributors to the overall CED (75%) and GWP100 (73%) include
direct and upstream energy use in clean dry-room operations, with the positive electrode
paste also being significant (10% for CED and 6% for GWP100). The group concluded
that identifying areas for process improvements and cost reduction, particularly in clean
dry-room operations and positive electrode paste production, is crucial. When compared to
the well-to-wheel energy and emissions metrics of a similarly sized and ranged vehicle, the
environmental impact of producing the pyrite battery is lower, offering a higher specific
capacity than existing LIBs, with comparable CED and GWP100 figures.

Table 2. Comparison of manufacturing processes for SSBs and conventional lithium-ion batteries.

Manufacturing Process

Solid-State Batteries (SSBs) Conventional Lithium-Ion Batteries (LIBs)

Electrode Preparation

Often involves the use of dry processes to
avoid solvent interactions with the solid
electrolyte. Coating and compressing
techniques need to account for the brittleness
of solid electrolytes.

Typically involves slurry casting processes
where active materials, binders, and
conductive additives are mixed in a solvent.

Electrolyte Integration

Solid electrolytes are integrated either as a

separate layer or combined with electrodes in a
composite structure. Processes include
physical vapor deposition, sintering, or cold
pressing.

Liquid electrolytes are added after assembling
the cell components, allowing for impregnation
into the porous electrode structure.

Cell Assembly

Requires careful handling to prevent damage
to solid electrolyte layers. Layers are laminated
under heat and pressure to ensure good
contact and ionic conductivity.

Assembly in dry environments to prevent
moisture interaction; electrodes and separators
are stacked and rolled.

Sealing and Encapsulation

High-integrity sealing is critical to prevent
moisture ingress, which can degrade the solid
electrolyte. Often requires advanced laser
welding techniques.

Sealing is important, but less critical compared
to SSBs; typically uses crimping and sealing
with adhesives or polymers.

Formation and Conditioning

May require specific thermal treatment to
enhance ionic conductivity and interface
stability between electrodes and electrolytes.

Involves initial charging cycles at controlled
rates to form a solid—electrolyte interphase
(SEI) on the negative electrode.

Scaling and Production Issues

Scaling is challenging due to the precision
required in handling and layering brittle
materials. Higher initial capital for setup due
to specialized equipment.

Well-established manufacturing lines with
extensive scalability. Lower initial setup costs
due to mature technology.

Material Compatibility

Requires materials that are mechanically and
chemically stable with each other; issues like
interface instability need to be managed.

Compatibility mainly revolves around thermal
and chemical stability of the liquid electrolyte
with electrode materials.

Therefore, to fully realize the environmental advantages of SSBs, it is imperative to
innovate and implement more energy-efficient manufacturing processes. This includes the
exploration of low-temperature synthesis methods for solid electrolytes and the adoption of
renewable energy sources in production facilities [38-40]. Moreover, reducing the reliance
on critical raw materials through material innovation and improving recycling methods
will be key to minimizing the environmental impact. Liu and colleagues [40] explain that
the cold sintering process (CSP) has emerged as a promising low-temperature sintering
technique that presents a viable alternative to traditional high-temperature thermal sin-
tering processes used in the manufacturing of solid-state electrolytes and electrodes for
batteries (see Figure 4). Unlike conventional methods that often lead to the formation of
blocking layers due to side reactions at high temperatures, CSP enables the densification
of electrolyte and electrode materials at temperatures below 300 °C, offering a significant
reduction in thermal stress and potential damage. The authors argue that the process works
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through the dissolution of particle edges in a solvent, followed by the evaporation of the
solvent and precipitation of the dissolved species, effectively filling voids between particles.
This method not only maintains the structural integrity of the components but also allows
for the creation of inorganic and inorganic-organic composites. The initial findings indicate
reasonable performance of SSBs manufactured using CSP, pointing to its potential to revo-
lutionize materials processing in battery production. The authors conclude that despite its
promising start, the application of CSP in SSBs requires further refinement to meet practical
application standards. Key issues that need addressing include the enhancement of ionic
conductivity, which is dependent not only on the material density but also on the bonding
at grain boundaries. Further research is needed to understand the chemical and physical
properties of these boundaries to improve conductivity. Additionally, the solubility of some
target materials remains a challenge, necessitating the use of additives to enhance bonding
and conductivity. Moreover, the compatibility of composite positive electrodes with CSP
needs careful consideration to prevent chemical instability or dissolution. Advanced pro-
tective coatings and the exploration of different additives could broaden the applicability
of CSP. Looking ahead, scaling up CSP for larger-format SSBs will require integration with
cost-effective manufacturing techniques like tape casting, which could potentially allow for
the large-scale production of advanced battery systems.
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Figure 4. Overview of the cold sintering process and its use in SSBs. Reprinted with permission
from [40], Copyright 2018, Journal of Power Sources.
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2.3. Potential Environmental Hazards Associated with Novel Materials Used in SSBs

The introduction of SSBs presents a spectrum of potential environmental hazards,
primarily due to the novel materials essential for their manufacture. The core components,
such as lithium metal for negative electrodes and various ceramics or sulfides for solid
electrolytes, pose distinct challenges. Lithium extraction, critical for SSB efficiency, is
notorious for its water-intensive nature, contributing to water scarcity and contamination
issues in vulnerable ecosystems [41,42]. Moreover, the procurement of ceramics and rare
earth elements for solid electrolytes involves processes that may lead to substantial habitat
disruption and biodiversity loss, highlighting a crucial area for environmental concern [41].

The environmental impact extends to the manufacturing phase, where the use of
sulfide-based solid electrolytes introduces risks of toxic gas release. Improper handling
or battery failure can result in the emission of hydrogen sulfide, a gas with significant
health risks, necessitating stringent controls and safety protocols in manufacturing and
recycling facilities [43,44]. Additionally, the synthesis processes for these electrolytes
typically demand high temperatures and involve hazardous chemicals, leading to elevated
greenhouse gas emissions and contributing to air and water pollution [45].

Addressing these environmental challenges requires a multifaceted approach. Re-
search into sustainable material alternatives that reduce reliance on water-intensive and
ecologically damaging extraction processes is imperative. Moreover, the development of
cleaner, energy-efficient manufacturing techniques and the implementation of comprehen-
sive recycling programs are critical for mitigating the environmental impacts of SSBs. These
strategies must be supported by robust regulatory frameworks and industry standards that
prioritize environmental protection and resource conservation [46,47].

Future advancements in SSB technology must therefore balance performance gains
with environmental sustainability. This includes leveraging life cycle assessments to un-
derstand and minimize the ecological footprint of battery production, from raw material
extraction to end-of-life disposal. Innovations in material science and engineering aimed
at replacing hazardous substances with eco-friendly alternatives and improvements in
recycling technologies are essential for ensuring that SSBs contribute positively to the global
transition towards sustainable energy solutions [48-50].

3. Usage and Operational Environmental Impact
3.1. Energy Efficiency of SSBs in Application

The transition to SSBs represents a paradigm shift in the landscape of energy storage
technologies, promising not only improvements in safety and capacity but also significant
advancements in energy efficiency. SSBs, by virtue of their construction, offer a more stable
and efficient platform for energy storage and release, potentially reducing energy losses
during charge and discharge cycles compared to conventional lithium-ion batteries [51,52].
This efficiency gain is pivotal, as it directly impacts the operational environmental footprint
of devices and systems powered by these batteries, from electric vehicles to renewable
energy storage solutions.

One of the hallmark advantages of SSBs is their ability to maintain higher levels
of efficiency over a wider range of temperatures. This is due to the solid electrolyte’s
superior thermal stability, which minimizes efficiency losses in extreme conditions [53].
Consequently, the operational energy efficiency of SSBs can contribute to a reduction in the
overall energy consumption of electronic devices and electric vehicles, leading to a decrease
in the environmental impact associated with their use [53]. For instance, in electric vehicles,
the enhanced efficiency of SSBs could result in longer ranges per charge, thereby reducing
the frequency of charging sessions and the associated energy demand from the grid [54].

Moreover, the intrinsic characteristics of SSBs, such as their reduced risk of leakage
and higher energy density, contribute to their longer lifespan [55]. This longevity further
diminishes the environmental impact over the operational life of the battery, as fewer
replacements are needed, thereby conserving the resources and energy required for battery
production, distribution, and disposal. Additionally, the extended battery life translates to
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less waste and a lower volume of batteries entering the recycling stream, easing the burden
on recycling facilities and reducing the overall environmental footprint [55].

Addressing the operational environmental impact of SSBs, particularly their energy
efficiency, is crucial for evaluating their role in sustainable energy systems. As research
into solid-state technology progresses, it is imperative to conduct comprehensive life cycle
assessments that consider not only the manufacturing and disposal phases but also the
operational efficiency and its implications for environmental sustainability [56,57]. Such
assessments will be instrumental in guiding the development of SSBs that not only meet
the technical and safety requirements of modern energy storage applications but also align
with the global goals for environmental protection and sustainability.

3.2. Comparison of the Operational Environmental Footprint with Traditional Battery Technologies

Understanding the operational environmental footprint of SSBs necessitates a detailed
comparison with traditional battery technologies, particularly LIBs, which dominate current
energy storage applications. This comparison revolves around several key factors, including
energy efficiency, durability, and the overall life cycle impact of these technologies [58,59].
SSBs, with their solid electrolytes, offer a significant leap in energy efficiency due to
lower internal resistance, which reduces energy loss during charging and discharging
cycles compared to their Li-ion counterparts [59]. This inherent efficiency potentially
leads to a reduced operational energy demand for devices and systems powered by SSBs,
thereby contributing to a lower environmental footprint in terms of both direct energy
consumption and associated greenhouse gas emissions [58]. Studies [57-59] indicate that
SSBs can achieve up to 20% higher energy efficiency due to lower internal resistance and
improved thermal stability, which reduces energy losses during charging and discharging
cycles [58]. This efficiency improvement directly translates into a decrease in the direct
operational emissions of CO,. Furthermore, the extended lifespan of SSBs, which can be
up to twice that of LIBs, significantly reduces the frequency of battery replacements. This
longevity helps in lowering the overall environmental impact throughout the battery’s
life cycle, including manufacturing and disposal phases. Overall, integrating SSBs into
systems powered by renewable energy sources can maximize their environmental benefits,
potentially contributing to a substantial reduction in life cycle greenhouse gas emissions by
as much as 30% compared to conventional LIBs [60,61].

The operational environmental footprint of batteries is also influenced by the materials
used in their construction. SSBs utilize novel materials that, while enhancing performance,
may have different extraction and processing impacts compared to those used in LIBs [62].
It is essential to consider these material impacts in a holistic assessment of operational
environmental footprints. For instance, if the extraction of novel solid electrolyte materi-
als requires more energy-intensive processes or involves more significant environmental
degradation, these factors could offset the operational efficiency gains of SSBs. Thus, a
comprehensive life cycle analysis is required to fully understand and compare the environ-
mental implications of these battery technologies [63].

While SSBs exhibit promising operational advantages over traditional LIBs, including
improved energy efficiency and durability, a thorough comparison of their environmental
footprints requires consideration beyond immediate operational benefits. It necessitates an
in-depth life cycle analysis that encompasses material extraction, manufacturing, use, and
end-of-life stages. Only through such a comprehensive approach can the true environmental
benefits of SSB technology be accurately assessed and optimized. Future research should
focus on not only advancing the technical performance of SSBs but also minimizing their
environmental impact across the entire life cycle, ensuring that these innovative energy
storage solutions contribute positively to global sustainability efforts.

3.3. Life Cycle Analysis and Overall Carbon Footprint during Operational Phase

The operational phase of SSBs represents a crucial period in their life cycle, where
the environmental impact, particularly the carbon footprint, comes into sharp focus. Life
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cycle analysis (LCA) is a pivotal tool in quantifying this impact, offering insights into the
emissions and energy consumption patterns unique to SSBs compared to traditional battery
technologies [64,65]. Preliminary studies suggest that SSBs, with their enhanced energy
density and efficiency, have the potential to significantly lower GHG emissions during use,
especially in high-demand applications like EVs and grid storage [65]. This reduced carbon
footprint is attributed to the decreased frequency of charging and longer operational life,
leading to less energy drawn from potentially non-renewable sources [64].

Comparatively, traditional LIBs, while having undergone significant improvements in
efficiency and lifespan, still exhibit higher life cycle GHGs emissions due to less optimal
energy densities and the degradation of liquid electrolytes over time [64]. The operational
efficiency of SSBs therefore not only contributes to a reduction in direct operational emis-
sions but also influences the broader life cycle emissions profile of the battery. Enhanced
durability and efficiency reduce the need for frequent replacements and maintenance,
thereby diminishing the cumulative environmental impact associated with manufacturing,
transportation, and disposal processes [66].

However, the overall carbon footprint of SSBs during the operational phase cannot
be fully understood without considering the source of electricity used for charging. The
benefits of SSBs are maximized when paired with renewable energy sources; conversely,
if the electricity is derived from fossil fuels, the potential environmental advantages may
be negated [67]. Therefore, the integration of SSBs into systems that prioritize or exclu-
sively use renewable energy is crucial for realizing their potential in reducing life cycle
carbon emissions.

Future research and development in SSB technology must prioritize not only advance-
ments in performance and safety but also the minimization of environmental impacts
across all life cycle stages, with a particular focus on the operational phase. This includes
continuous improvement in material efficiency, the integration of low-impact manufac-
turing processes, and the development of effective recycling and end-of-life management
strategies. Such comprehensive life cycle assessments will be vital in guiding the sustain-
able deployment of SSBs, ensuring that their adoption contributes positively to the global
effort to reduce carbon emissions and combat climate change [68,69].

4. End of Life and Disposal of SSBs

In recent years, there has been an increased demand for energy storage solutions to
support the growing reliance on renewable energy sources and the transition towards
electric vehicles [70]. As a result, SSBs have emerged as a promising technology for energy
storage due to their high energy density, long cycle life, and improved safety [71] compared
to traditional lithium-ion batteries. These batteries employ a solid electrolyte instead of
liquid electrolytes, offering higher energy densities and greater stability. SSBs have the
potential to revolutionize the energy storage industry. However, like any technology, SSBs
have a limited lifespan and eventually reach the end of their life. This raises important
questions regarding the disposal and recycling of SSBs to minimize environmental impact
and maximize resource utilization [72].

4.1. Challenges in the Disposal of SSBs

SSBs are a promising technology for energy storage due to their higher energy density,
longer lifespan, and improved safety compared to traditional lithium-ion batteries [73].
However, the disposal of SSBs presents several technical and logistical challenges [74].
Unlike traditional lithium-ion batteries, SSBs contain a solid electrolyte, which makes the
recycling process more complex. One of the main challenges is the difficulty in material sep-
aration. SSBs consist of complex structures that involve multiple layers of solid electrolytes
and electrodes [22]. These layers are tightly integrated, making it difficult to separate
and recover valuable materials without damaging their chemical structure. In addition to
material separation challenges, the absence of a standardized battery design poses another
obstacle in the recycling process [75]. Due to the lack of a standardized design, each SSB
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may have unique configurations and construction methods. This variability in design
makes it challenging to develop efficient and cost-effective recycling processes that can
accommodate different battery architectures. Furthermore, the lack of established supply
chains adds to the difficulties in recycling SSBs [76]. Without established supply chains
for collecting, transporting, and processing spent SSBs, it becomes challenging to recycle
these batteries efficiently and effectively on a large scale while minimizing environmental
impact. Additionally, the disposal of SSBs raises concerns about the release of potentially
harmful substances into the environment [77]. The improper disposal of SSBs can lead to
the leaching of toxic chemicals and heavy metals, posing significant environmental risks.

SSBs are expected to reach waste generation levels justifying large-scale recycling in-
frastructure around 2040 to 2050, while lithium-ion batteries (LIBs) will reach this threshold
between 2030 and 2050. The delay for SSBs is attributed to their later adoption timeline,
with significant production anticipated by 2027 and broader market penetration by 2030.
Companies like Toyota have outlined plans for mass production of SSBs beginning in 2027,
with substantial deployment expected in the following years [75].

The complexity of SSB recycling, due to their solid electrolytes and integrated struc-
tures, poses additional challenges compared to LIBs. Efficient recycling of SSBs will require
the development of specialized technologies and robust supply chains for collection and
processing. Regulatory frameworks, such as the European Union’s Batteries Directive, will
also need to be adapted to address these challenges. As such, establishing comprehen-
sive recycling infrastructure for SSBs will likely align with their market penetration and
end-of-life cycle, projected to fully develop by 2040-2050 [77].

4.2. Environmental Risks Associated with Landfills and Incineration

In today’s world, the increasing use of batteries in various industries has led to a
growing concern about their end-of-life management and disposal. This concern stems
from the potential environmental risks associated with improper disposal methods, such
as landfill and incineration [74]. These risks are particularly relevant for SSBs, which are
gaining prominence due to their high energy density and potential applications in electric
vehicles and grid-scale energy storage [78]. SSBs offer advantages such as higher energy
density, longer lifespan, and improved safety compared to traditional lithium-ion batteries.
However, their end-of-life management poses unique challenges due to their complex
structure and material composition [22].

The disposal of SSBs through landfill or incineration can have detrimental environmen-
tal consequences [79]. SSBs in landfill can lead to the release of hazardous substances into
the surrounding soil and groundwater. These substances can contaminate water sources
and have long-term impacts on ecosystems. Incineration of SSBs can also release toxic
emissions into the air, contributing to air pollution and potentially causing harm to human
health [80]. In addition to the direct environmental risks, landfill and incineration of SSBs
also lead to resource wastage [81]. These batteries contain valuable and scarce materials,
such as lithium, cobalt, nickel, and manganese [78]. Disposing of SSBs in landfills or inciner-
ating them means losing the opportunity to recover and reuse these valuable resources [82].
Toxic pollutants from landfills and incineration may lead to soil and water quality degra-
dation. Over time, bioaccumulation can significantly disrupt ecological balances, leading
to potential collapse of local ecosystems, loss of biodiversity, and diminished ecosystem
services upon which human societies often rely for food security and other needs [83].

The health implications for humans resulting from improper battery disposal can be
severe. Chronic exposure to heavy metals, for instance, can result in a range of health issues,
including neurological and developmental disorders, organ damage, and increased cancer
risk. Moreover, the environmental degradation from battery pollutants impacts resources
such as clean water and arable land, vital for human survival and health. Therefore, pro-
moting sustainable disposal and treatment technologies for SSBs is crucial for minimizing
these long-term health risks [78].
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4.3. Regulations and Policies Governing Battery Disposal

Due to the environmental risks associated with battery disposal, many countries have
implemented regulations and policies to govern the proper handling [81] and disposal of
batteries, including SSBs. These regulations and policies aim to ensure the safe and re-
sponsible management of batteries throughout their life cycle, from production to disposal.
They often include guidelines for the collection, transportation, storage, and treatment of
batteries, as well as requirements for recycling and resource recovery [84]. SSBs have dif-
ferent characteristics and recycling requirements compared to lithium-ion batteries. Some
regulations initially designed for traditional lithium-ion batteries may not fully cover every
aspect of SSB recycling [72]. These batteries contain hazardous materials, such as lithium
and other toxic substances, which require careful handling during disposal to prevent
contamination and hazardous waste accumulation.

Governments across the world have established regulations and policies to ensure
proper battery disposal. For example, in Europe, the Batteries Directive (Directive
2006/66/EG) [85] does not specifically differentiate SSBs from other battery types, but
new regulations are proposed to be more inclusive regarding different battery chemistries
and technologies. The European Union’s Batteries Directive has been criticized for being
too general, and the lack of specific provisions for newer technologies like solid-state and
lithium-ion batteries has been acknowledged. The European Green Deal and the Circular
Economy Action Plan propose a new batteries regulation to better address these modern
requirements [82].

The European Union has recognized the need to strengthen the functioning of the
internal market and promote a safe, circular, and sustainable value chain for all batteries,
including those used in electric vehicles [86]. In Brazil, automotive batteries have been
recycled for several years, while the recycling of other types of batteries is just starting [87].
To ensure efficient battery collection, it is essential to engage the population and inform
them about the laws and regulations regarding battery disposal. This will help increase
awareness about the importance of disposing of batteries with higher concentrations of
heavy metals or toxic substances separately from domestic garbage [88].

In the United States, it is essential to note that regulations like the Resource Conserva-
tion and Recovery Act (RCRA) [89] and the Universal Waste Rule [90] are indeed applicable,
but the specific requirements for battery recycling and disposal can greatly vary between
states. Moreover, initiatives like the ReCell Center are working towards improving battery
recyclability and are involved in developing new recycling technologies [72,91]. States
like California have implemented stricter rules, requiring producers to establish take-back
programs for used batteries and encouraging recycling through financial incentives. In
China, the Ministry of Industry and Information Technology (MIIT) has an emphasis on
creating a closed loop through recycling for electric vehicle batteries, including efforts to
recycle and reuse battery materials. However, there might not be a specific mention of
SSBs in the MIIT policy according to current sources [72]. These policies aim to develop a
circular economy, reducing environmental impact and promoting sustainable practices in
battery production and disposal.

Given the unique characteristics and disposal challenges of solid-state batteries (SSBs),
countries should implement specific regulations tailored to these batteries rather than
relying solely on existing regulations for traditional lithium-ion batteries (LIBs). SSBs have
distinct material compositions and recycling requirements that differ from LIBs, such as
solid electrolytes and more complex structures that complicate the separation and recovery
of valuable materials. Tailored regulations would ensure that the specific environmental
risks associated with SSB disposal, such as the release of toxic substances and the handling
of novel materials, are adequately addressed.

However, integrating SSB-specific requirements into existing regulatory frameworks
could also be beneficial, provided these frameworks are sufficiently updated to cover the
new technologies. This approach allows for leveraging established infrastructures and
practices while ensuring that the unique aspects of SSBs are considered. For instance,



Batteries 2024, 10, 255

16 of 36

updating the European Union’s Batteries Directive to include specific provisions for SSBs
can promote a circular economy, enhance resource recovery, and minimize environmental
impact. Similarly, in the US, state-specific adaptations to federal regulations could ensure
that SSB recycling and disposal are managed effectively. Ultimately, whether through new
specific regulations or comprehensive updates to existing ones, it is crucial that regulatory
frameworks evolve to meet the needs of advancing battery technologies like SSBs.

5. Recycling and Reuse of SSBs

The recycling of SSBs presents several unique challenges compared to traditional
LIBs. One of the primary difficulties is the solid-state nature of the electrolyte, which is
tightly integrated with the electrodes in a dense matrix. This makes material separation and
recovery more complex and less efficient. Traditional recycling methods, which involve
shredding and solvent extraction, are less effective for SSBs due to the solid electrolytes
being fused with other materials. Additionally, SSBs are designed to withstand significant
physical stresses, which complicates the disassembly process and increases the risk of
thermal runaway during recycling if improper methods are applied [92].

The current state of the art in SSB recycling is still developing. Researchers [92,93] are
exploring various innovative approaches to address these challenges. One such method is
direct recycling, which aims to preserve and reuse electrode materials in their intact form,
thereby reducing the need for extensive reprocessing. Another promising technique is
electrohydraulic fragmentation, which uses shock waves to precisely disassemble battery
components, promoting more efficient material recovery. Enhanced leaching techniques,
such as ultrasonically assisted leaching, improve the efficiency of metal recovery using eco-
friendly solvents. Additionally, closed-loop recycling systems, which aim to recover and
reuse all battery components, are being developed to minimize waste and reduce the need
for new raw materials. These advancements, alongside substantial financial investments
and strategic market interventions, are essential for overcoming the technological and
economic barriers to SSB recycling.

Unlike conventional batteries that utilize liquid electrolytes, SSBs employ solid elec-
trolytes and electrodes that are integrated in a compact and dense matrix. This integration
enhances battery performance and safety, but complicates recycling processes [93]. The
extraction of valuable materials such as lithium, electrolyte salts, and other metals from
SSBs is hindered by their solid-state nature. In traditional batteries, liquid electrolytes can
be relatively easily drained and separated, but in SSBs, the solid electrolytes are intimately
bonded with other materials, necessitating more complex and potentially damaging pro-
cesses to separate and recover them [93,94]. Current technologies, which are primarily
adapted from conventional battery recycling methods, are often inadequate for dealing with
the tightly bound materials in SSBs, resulting in lower recovery efficiencies and potential
damage to the integrity of the recyclable materials [95]. SSBs are designed to withstand
significant physical stresses, which makes them safer and more durable but also harder to
disassemble [93]. Mechanical disassembly processes, which are crucial for the initial stages
of recycling, must be adapted to handle the robust nature of SSBs without causing thermal
runaway—a risk that is mitigated in SSBs during operation, but can become a concern
during recycling if improper methods are applied [96].

Establishing effective recycling processes for SSBs is not merely a technical challenge
but also a financial one. The development of new recycling technologies that can efficiently
process SSBs requires the following. (i) Capital investment: Significant investment in
research and development is necessary to innovate and deploy recycling methods that
can effectively handle the unique properties of SSBs [97]. This includes funding for the
development of specialized machinery and facilities capable of processing solid electrolytes
and tightly integrated battery structures. (ii) Infrastructure development: Beyond the
machinery, there is a need for building or modifying existing facilities to accommodate
new processes [97]. This includes the construction of secure environments that can safely
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handle the disassembly and material recovery stages, taking into account the specific safety
requirements needed to manage the risks associated with SSB materials.

Additionally, the economic viability of recycling SSBs is heavily influenced by the
market dynamics of the recovered materials. Factors influencing this include the following.
(i) Fluctuating demand and prices [98,99]: The demand for materials like lithium is projected
to grow as the electric vehicle market expands, but this demand can be volatile and subject
to economic cycles, technological advancements, and regulatory changes. Prices for lithium
and other critical materials recovered from SSBs can fluctuate significantly, impacting the
profitability and sustainability of recycling operations. (ii) Quality and purity of recovered
materials [100]: The economic return on recycled materials also depends on their purity
and the cost of processing them to a usable quality. Materials recovered from SSBs often
require additional purification steps to reach the quality standards demanded by battery
manufacturers, adding to the complexity and cost of recycling [94].

The recycling of SSBs presents a range of technological and economic challenges
that must be addressed to make this process viable and sustainable. Overcoming these
challenges requires a multidisciplinary approach involving advancements in technology,
substantial financial investments, and strategic market interventions. As the adoption
of SSBs grows, driven by their advantages over traditional batteries, the development of
effective recycling technologies will play a critical role in supporting the sustainable growth
of the battery industry and the broader transition to renewable energy sources.

5.1. Overview of Existing Recycling Methods for Batteries

Recycling batteries is a complex process that involves several stages, each critical for
efficient material recovery and environmental sustainability. The primary methods include
mechanical, pyrometallurgical, and hydrometallurgical processes, each suited to different
components and types of batteries, as follows. (i) Mechanical recycling [93] is the initial
step in the battery recycling chain. This process starts with the shredding of batteries to
reduce their size and make the materials easier to handle. Shredders break down batteries
into smaller fragments, which are then sorted using advanced techniques. Air classifi-
cation uses airstreams to separate light from heavy materials, allowing for the efficient
isolation of valuable metallic components [101]. Magnetic separation takes advantage of
the magnetic properties of metals like iron and nickel, pulling them from the mixed de-
bris [102]. Screening further refines the process by sorting the shredded battery fragments
based on size, ensuring that subsequent recycling stages are more targeted and effective.
(i) Pyrometallurgical recycling involves the treatment of battery materials at high temper-
atures [72,103]. This process is primarily used to recover valuable metals such as nickel,
cobalt, and copper, which have significant industrial and economic value. During smelting,
battery components are exposed to temperatures that melt the metals, allowing them to be
separated from the slag. However, this method is less effective for recovering lithium, as it
tends to evaporate at high temperatures due to its high reactivity and low boiling point.
This limitation necessitates alternative methods for lithium recovery to optimize resource
utilization. (iii) Hydrometallurgical recycling [104] contrasts with pyrometallurgy by using
chemical solutions to dissolve metals from processed battery materials. The process starts
with leaching, where acids or bases break down the solid waste to release metals into a
solution. Factors like the choice of chemical, temperature, and concentration are critical to
maximize efficiency [104]. After leaching, the solution undergoes solvent extraction and
precipitation to refine and recover the metals. Solvent extraction uses selective chemicals
that bond with specific metals, facilitating their separation. Precipitation then isolates these
metals by altering the chemical conditions of the solution, such as pH, to convert dissolved
metals into a solid form that can be easily collected and reused [104].

The interplay between these methods highlights a multifaceted approach to battery
recycling. Mechanical processes prepare the batteries for more detailed chemical separation,
while pyrometallurgical and hydrometallurgical methods handle the complex chemistry of
battery components [105]. Each method has its strengths and limitations, requiring ongoing
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innovation and adaptation, especially as new battery technologies like SSBs enter the
market. These newer technologies present unique challenges due to their dense, integrated
construction and lack of liquid electrolytes, which necessitates modifications in traditional
recycling approaches [106].

Advancements in battery recycling are critical for managing the life cycle of battery
materials sustainably [93]. They help minimize environmental impacts, conserve natural
resources, and support the recycling industry’s adaptation to changing technologies. As
the demand for batteries grows, particularly for electric vehicles and renewable energy
storage, improving recycling technologies becomes increasingly important to ensure that
battery materials are not only recovered efficiently but also returned to the supply chain in
a form that meets industry standards for reuse [93].

5.2. Innovations in Recycling: Emerging Technologies and Methodologies

The recycling landscape of SSBs is undergoing significant transformations, driven by
breakthrough technologies and innovative methodologies that aim to enhance efficiency,
reduce costs, and boost sustainability throughout the recycling life cycle [97]. These
advancements are crafted not only to tackle the unique challenges posed by SSBs but also
to improve the environmental footprint of the entire recycling process.

Direct recycling technologies [107] represent a significant shift in the approach to recy-
cling SSBs. Unlike conventional recycling methods that break down battery components
into their constituent metals, direct recycling targets the preservation and reuse of electrode
materials in their intact form. This method is particularly advantageous, as it retains the
unique properties of electrode materials, minimizing the need for extensive reprocessing
and thus conserving energy and resources. By reducing the number of processing steps
required, direct recycling also decreases operational costs and lessens the environmental
impact associated with these processes [107].

Electrohydraulic fragmentation [108] is an innovative approach that uses shock waves
to disassemble battery components. This method allows for precise material separation
within the complex structures of SSBs, promoting more efficient disassembly. The precision
of electrohydraulic fragmentation ensures that valuable materials are not lost or degraded
during the separation process, addressing a common issue with more invasive mechanical
methods [108]. This technique leads to a cleaner and more efficient separation, improving
the purity of recovered materials and enhancing the sustainability of the recycling process.

Enhanced leaching techniques [109] mark a pivotal evolution in battery recycling
technologies. Traditional leaching processes typically involve harsh chemicals that may
harm the environment. Innovations such as ultrasonically assisted leaching are revolu-
tionizing this landscape. Ultrasonic leaching enhances the penetration of solvents into
solid materials through high-frequency sound waves, thereby increasing the efficiency of
the metal recovery process [95]. The integration of eco-friendly solvents into the leaching
process also diminishes the environmental impact, aligning with global initiatives to foster
green technologies in industrial applications.

Closed-loop recycling systems [110] represent the apex of sustainable recycling method-
ologies. These systems are meticulously designed to recover every possible material from a
spent battery and reintroduce them into the manufacturing cycle. By enabling the complete
recycling of all battery components, closed-loop systems significantly minimize waste and
the need for new, virgin materials. This approach not only conserves natural resources but
also reduces the carbon footprint associated with the production of new batteries. Imple-
menting closed-loop recycling for SSBs poses significant challenges due to the integrated
nature of these batteries, yet it remains a vital objective for attaining genuine sustainability
in battery production and recycling.

As the field of SSB recycling continues to develop, these pioneering technologies
and methodologies are set to play a decisive role in sculpting a more sustainable future.
The introduction of direct recycling, electrohydraulic fragmentation, enhanced leaching
techniques, and closed-loop recycling systems not only meets the immediate needs of
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the recycling industry but also establishes a new benchmark for environmental stew-
ardship across the entire life cycle of battery technologies. With ongoing research and
development pushing the limits of current capabilities, the potential for substantial reduc-
tions in environmental impact and enhancements in resource efficiency is both promising
and imminent.

5.3. Case Studies and Real-World Examples

Lithium-ion batteries (LIBs) are produced on a large scale to address the escalating
demand for sustainable energy solutions across consumer electronics, renewable energy
systems, and electric vehicles. However, the growing accumulation of spent LIBs at the end
of their life cycle poses significant environmental challenges and raises concerns regarding
the sustainability of these manufacturing processes.

The interest in SSBs, which utilize solid electrolytes instead of traditional liquid elec-
trolytes, is increasing due to their superior safety, enhanced thermal and electrochemical
stability, and greater energy density. As SSBs approach commercial viability, the imper-
ative to recycle lithium and other battery components becomes critical to prevent the
environmental burden of non-recoverable waste at the end of their life cycle. To this end,
insights from the recycling of conventional LIBs are invaluable in preempting the potential
challenges associated with SSB recycling. Battery recycling represents a viable solution
to these issues, promoting environmental protection and advancing sustainable manufac-
turing practices. Research and development efforts are underway to devise efficient and
eco-friendly methods to reclaim lithium from SSBs, thus supporting the development of a
circular economy for critical materials such as lithium [111-113].

Although the SSB market is still under development and not yet at mass production, it
is crucial to begin establishing an economical and energy-efficient recycling infrastructure.
Experiences with the recycling of conventional materials suggest that adjustments in separa-
tion processes, such as modifications to temperature, concentration, and other parameters,
are necessary for SSBs. Compared to conventional LIBs, recent studies have highlighted the
potential of organic acids like citric acid, which serve as complexing agents and provide
necessary acidification, to effectively separate electrode materials in lithium SSBs, offering
improvements over traditional methods that use HCl [114]. This strategy also avoids the
issues of lithium residues from liquid electrolytes, thereby preserving the stoichiometry
of the positive electrode materials and enhancing their potential for resynthesis. These
challenges present an opportunity for a profound transformation in current industrial
practices, emphasizing the development and exploitation of emerging battery technologies
with an inherent focus on recyclability.

5.4. Analysis of Successful Implementations of Recycling and Sustainable Practices in SSB Life
Cycle Management

Figure 5a depicts the leading companies in SSB technology, with a distinct concen-
tration in Asia (notably Japan, the Republic of Korea, and China) due to the regional
aggregation of the battery sector [115]. This concentration fosters enhanced collaborative
efforts in research and development (R&D) as well as infrastructure. Figure 5b presents data
on the issuance of patents pertaining to a crucial component of SSBs, the solid electrolyte
(SE). These patents provide insights into the companies employing these electrolytes and
primarily address the challenges and applications associated with the development of SEs.
An analysis of these patents, in collaboration with the involved companies, will assess their
recycling protocols and sustainability measures.
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and (b) number of patents related to solid-state technology. Reprinted with permission from [116],
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In Japan, Toyota holds the majority of patents for SSBs, totaling over 1700. Among
these, notable innovations include a Toyota Motor Co., Ltd. patent [117], which was
the pioneer in using a halide solid electrolyte (Li3YClg) in the positive electrode layer.
This composition reduces the likelihood of oxidative decomposition reactions, thereby
enhancing the voltage endurance of the battery. The application of Li3YClg in both the
positive electrode and as a component of the solid electrolyte significantly boosts the
voltage withstand capacity. The integration of a halide solid electrolyte, known for its high
ionic conductivity and stability, into the positive electrode layer is particularly significant,
as these are crucial attributes for SSB performance.
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The technology was further advanced in a subsequent patent by Panasonic Corp. and
Toyota Motor Co., Ltd. [118], which utilizes both halide (Li3YCls) and sulfide (Li»S-P;Ss) in
the solid electrolyte. This combination ensures excellent mechanical properties and high
thermal stability within the battery.

Another intriguing development by Toyota Motor Corp. [119] explores the negative
electrode-free battery concept, where lithium metal is not initially present during cell
assembly, but forms during the battery’s charge-discharge cycles. This patent focuses on
addressing dendrite formation through precise formulations and concentrations of the
solid electrolyte. The negative electrode-free approach reduces lithium usage, which is vital
given lithium’s scarcity and the importance of sustainable resource management.

Moreover, Toyota Motor Corp. has developed a solid electrolyte that prevents the
formation of hydrogen sulfide, a common issue when solid electrolytes react with mois-
ture [120]. By substituting lithium with sodium to produce Lis 1 Nag 3PS4 4Cly ¢, this innova-
tion prevents water reactions and inhibits Na substitution for protons.

Additionally, Toyota has patented technologies to enhance the durability of SSBs,
including solid electrolytes that prevent crack propagation in electrodes, potentially lead-
ing to short circuits [121]. They have also developed a method [122] to use impedance
measurements for assessing the impact of electrode cracks on battery degradation.

In addition to the development of patents aimed at enhancing the durability and
longevity of battery components to minimize waste, Toyota is actively engaged in initiatives
designed to foster a circular ecosystem for batteries, such as the “Battery 3R” initiative [123].
Representing “Reduce, Reuse, and Recycle,” Battery 3R is a comprehensive environmental
strategy that spans multiple global markets, including Japan, the USA, Europe, China, and
other Asian countries. Notable examples of successful implementations from this initiative
include a collaboration between JERA Co., Inc. and Toyota, which led to the development of
a large-capacity energy storage system using repurposed EV batteries for non-automotive
applications [124]. Additionally, the Tokyo Electric Power Company (TEPCO) and Toyota
have jointly developed a stationary storage battery system now being tested at Eurus
Tashirohira Wind Farm, furthering efforts towards a recycling-oriented society [125]. On
the recycling front, Toyota’s expanding partnership with Redwood Materials underscores
their commitment to scaling up battery collection and recycling globally.

In Canada, Hydro-Québec, based in Montreal, is a leader in the energy sector, focusing
on the advancement of lithium-ion batteries and their recycling. This company holds
patents for a new type of electrolyte for solid-state lithium batteries [126] and negative
electrode-free battery concepts [127,128], aiming to commercialize these innovations. Re-
cently, Hydro-Québec entered a licensing agreement with Dongshi Kingpower Science
and Technology Ltd. (China) to manufacture solid-state lithium batteries for the Chinese
automotive market [129]. In the realm of battery recycling, Hydro-Québec is developing
sustainable methods for managing and reusing battery materials, aligning with global
initiatives aimed at reducing waste and the environmental impact of used batteries. They
collaborate with entities such as Lithion Recycling [130], which specializes in recycling
lithium-ion batteries to recover valuable materials such as lithium, cobalt, and nickel for
reuse in battery production. These efforts reflect Hydro-Québec’s dedication to sustainable
practices and the promotion of a circular economy in the battery industry.

In China, as of January 2024, leading electric vehicle (EV) and the battery manufac-
turers CATL and BYD have united under the China All-Solid-State Battery Innovation
Collaboration Platform (CASIP) [131]. This initiative aims to establish an SSB supply chain
by 2030 through a consortium that integrates government, academic, and industrial sectors.
The primary goals of CASIP include developing and manufacturing globally competi-
tive SSBs with a focus on empowering Chinese companies. The consortium is dedicated
to fundamental research, pivotal technologies, and the collaborative development and
manufacturing of electric vehicles equipped with SSBs, as well as forging a robust SSB
supply chain. Furthermore, CATL’s active recycling efforts [132], including its agreement
with Volvo [133], highlight their commitment to sustainability. They aim to reclaim retired
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batteries for the extraction of metals such as nickel, cobalt, and lithium, utilizing these
recycled materials to fabricate new batteries for Volvo cars. This initiative supports a circu-
lar economy, reducing the average carbon emissions of vehicles, enhancing the business
model for the recycling and reuse of EV batteries, and serving as a significant example of
sustainable development.

In Europe, BASF is prominently featured for its substantial contributions to SSB tech-
nology, particularly in developing sulfide electrolytes. BASF has a dedicated recycling and
battery materials center in Europe [134]. Its recently opened recycling plant in Schwarzheide
is notable for being Germany’s first high-performance active positive electrode materials
production plant and Europe’s first fully automated large-scale active positive electrode
material production facility. BASF’s strategy includes recycling end-of-life lithium-ion
batteries to produce new positive electrodes active materials. Currently, BASF offers battery
recycling services through strategic partnerships and is planning further expansions and
investments to enhance its capabilities as the market grows. A significant part of this ex-
pansion is the strategic partnership with SVOLT [135], which focuses on the development
of positive electrode active materials, the supply of raw materials, and the recycling of
SVOLT batteries globally. This collaboration not only boosts the research and development
capabilities of both companies in sustainable battery materials but also strengthens their
competitive edge in the global market, particularly in China.

5.5. Lessons Learned and Best Practices

Companies exclusively dedicated to recycling SSBs are not yet widespread due to the
nascent stage of SSB technology commercialization. However, numerous well-established
battery recycling companies and research institutions are preparing to tackle the recycling
challenges presented by emerging battery technologies, including SSBs. Figure 6 outlines
companies involved in lithium-ion battery (LIB) recycling, detailing their locations, methods
employed, volumes processed, and current status [136]. These entities are actively engaged
in battery recycling efforts and are likely to extend their services to encompass SSBs as the
technology further develops and becomes more prevalent. Figure 7 maps the geographic
distribution of lithium-ion battery recycling facilities, both existing and planned, illustrating
the global spread and strategic placement of these initiatives.

To learn about the best practices in battery recycling and to apply these in the future
SSB market, we here summarize the various recycling methods currently used for LIB
active materials. Lithium-ion batteries, due to their complex structure and diverse material
composition, must undergo several processes before they can be reused or recycled. Figure 8
illustrates the common recycling methods for the active materials in LIBs, such as direct
recycling, pyrometallurgy, and hydrometallurgical methods, each involving distinct steps.
These techniques are employed by companies like OnTo [137], Umicore [138,139], and
Recupy [140] in their recycling processes.

Pyrometallurgical methods are often chosen due to their adaptability with various
battery feedstocks and the significant investments already made in existing facilities. This
method involves high-temperature processes that can efficiently recover valuable metals
from batteries, making it highly effective for recycling materials such as cobalt, nickel, and
copper. However, the high energy requirements and potential environmental pollution due
to emissions of toxic gases during smelting are significant downsides. Consequently, while
pyrometallurgy is economically viable and technically straightforward, it raises concerns
regarding its sustainability and ecological footprint.

In contrast, hydrometallurgical methods, although still developing, are becoming
increasingly popular due to their lower initial setup costs for facilities. Institutions like
Lithorec and Aalto University have pioneered these methods, which involve using chemical
solutions to dissolve battery components and selectively recover valuable materials through
precipitation or electrochemical methods. While more environmentally friendly than
pyrometallurgy, requiring less energy, and producing fewer emissions, hydrometallurgy is
not without its challenges. The method demands a significant amount of chemical reagents
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and extensive water treatment to manage the effluents produced, which can complicate its
operation and increase costs.

label company location volume (tons/year) method status
1 ABT Fernley, NV, US 20,000 Unknown Planned
2 Retriev (Toxco) Trail, BC, CA 4,500 Hydro Established
3 Li-Cycle Gilbert, AZ, US 10,000 Hydro Planned
4 Ganfeng Li Sonora, MX Unknown Unknown Planned
N Li-Cycle Tuscaloosa, AL, US 10,000 Hydro Planned
6 Inmetco Elwood, PA, US 6,000 Pyro Established
7 Li-Cycle Rochester, NY, US 5,000 Hydro Established
8 Li-Cycle Kingston, ON, CA 5,000 Hydro Established
9 Fenix Whitehall, UK 10,000 Hydro Planned
10 Valdi Commentry, FR 20,000 Pyro Established
11 Umicore Valeas Hoboken, BE 7,000 Pyro/hydro combo Established
12 Recupyl Grenoble, FR 110 Hydro Established
13 Accurec Krefeld, DE 4,000 Pyro/hydro combo Established
14 Glencore Baar, CH 3,000 Pyro/hydro combo Established
15 Redux Offenbach, DE 50,000 Pyro Established
16 Northvolt Frederikstad, NO 8,000 Unknown Planned
17 Fortum Harjavalta, FI Unknown Unknown Planned
18 Akkuser Nivala, FI 4,000 Pyro/hydro combo Established
19 Green Li-ion Singapore Unknown Unknown Planned
20 Brunp Recycling Technologies Hunan, CN 100,000 Pyro/hydro combo Established
21 Taisen Hunan, CN 6,000 Hydro Established
22 GEM Jingmen, CN 30,000 Hydro Established
23 Guanghua Sci-Tech Guangdong, CN 12,000 Preprocessing Established
24 Gotion High-Tech Hefei, CN Unknown Unknown Planned
25 Quzhou Huayou Quzhou, CN 40,000 Pyro Established
26 Tesla Shanghai, CN Unknown Unknown Planned
27 SungEel HiTech Gunsan, KR 8,000 Hydro Established
28 Posco Hy Clean Metal Gwangyan, KR 12,000 Unknown Planned
29 JX Nippon Mining Tsuruga, JP §,000 Pyro/hydro combo Established
30 Dowa Eco-System Jp 6,500 Pyro Established
31 Sumitomo/Sony Namie, JP 150 Pyro Established
32 Envirostream Melbourne, AU 3,000 Preprocessing Established

Figure 6. Companies involved in LIB recycling. Reprinted with permission from [136], Copyright

2022, ACS.
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Figure 7. Established and planned global LIB recycling facilities as of November 2021. Reprinted
with permission from [136], Copyright 2022, ACS.
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Figure 8. Typical direct, pyrometallurgical, and hydrometallurgical recycling methods for recovery of
LIB active materials. Reprinted with permission from [136], Copyright 2022, ACS.

Direct recycling represents an innovative approach, aiming to recover and reuse battery
materials without breaking them down into their base components [141]. This method
focuses on conserving the electrochemical properties of the positive electrode materials
by directly refurbishing them for reuse. The direct method offers several advantages,
including lower energy consumption and reduced chemical use compared to the other
methods, as well as diminished facility-related expenditures. However, it requires that
the batteries be in relatively good condition to ensure the integrity of the materials being
recovered, which necessitates meticulous sorting and can lead to higher labor costs [142].
Despite these challenges, direct recycling is particularly promising for reducing the overall
environmental impact of battery disposal.

The complexities associated with the diverse chemistries, designs, and sizes of LIBs fur-
ther complicate the recycling process, often necessitating manual sorting and disassembly.
To overcome these challenges, there is a growing emphasis on the need for standardization
in battery design and labeling. This would facilitate more efficient, automated recycling
processes and help minimize environmental impacts.

Research institutions such as the ReCell Center at Argonne National Laboratory [91]
and ReLiB [143] at the Faraday Institution are at the forefront of exploring these recycling
technologies. Their work not only advances understanding but also fosters the development
of more specialized methods tailored to different types of batteries, including emerging
SSBs. Furthermore, national laboratories and research institutes like the US Department of
Energy’s Argonne National Laboratory [144] and Germany’s Fraunhofer Institute [145] play
pivotal roles in this field. Their ongoing research helps to shape industry practices and could
potentially lead to breakthroughs in recycling technologies that are specifically designed
for the next generation of SSBs. By continuing to innovate and improve recycling methods,
these organizations contribute significantly to the sustainability of battery technologies and
the circular economy.
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6. Future Directions and Research Needs
6.1. Identification of Gaps in Current Research and Technology

Solid-state lithium batteries exhibit potential to substantially enhance energy efficiency,
sustainability, and safety at reduced costs relative to advanced lithium-ion batteries [146].
However, widespread adoption faces significant challenges, with current research efforts
and collaborations directed toward overcoming these barriers [147].

The increasing utilization of lithium-ion batteries, spurred by the demand from
portable electronics and electric vehicles, has escalated concerns regarding their disposal
and recycling [148,149]. The imperative for recycling spent lithium-ion batteries (LIBs) is
growing globally due to the considerable amounts of hazardous and valuable materials
they contain. Various international firms have initiated production lines dedicated to the
recycling of metals from spent LIBs, utilizing pyrometallurgical, hydrometallurgical, or
hybrid approaches. The electrolyte, accounting for 10-15 wt% of a spent LIB, presents
significant recycling challenges due to its hazardous nature, yet it contains economically
valuable lithium-based salts [149]. Nonetheless, scaling these recycling technologies to an
industrial level remains economically challenging.

According to Niu et al. [148], an integrated approach to LIB design, manufacturing,
and recycling is essential to reduce complexity and energy consumption, advocating for
global standardization in manufacturing, classification, collection, and recycling processes
to enhance both economic and environmental sustainability [148]. Yao et al. [149] assess
various recycling methods, highlighting that hydrometallurgical processes are preferable
for mitigating environmental pollution and resource wastage. However, pretreatment
phases pose difficulties, as mechanical methods often fail to efficiently separate LIB com-
ponents [149]. Among pretreatment methods, sulfuric acid leaching is prominent for
extracting positive electrode active materials, though challenges arise with the dissolution
of aluminum foil and the costs and energy demands of the leaching process, which depend
on acid concentration and operational temperatures. Bioleaching, despite its eco-friendly
attributes, is as yet impractical for industrial application. Selective leaching facilitates metal
separation, but is limited to less complex positive electrode materials. Solvent extraction
and chemical precipitation are routinely utilized for metal recovery from leachates, yet they
require enhancements to handle complex material compositions. The resynthesis of posi-
tive electrode materials from leaching solutions represents a simplified recovery approach.
Moreover, the diversifying landscape of LIBs, characterized by varied positive electrode
materials, calls for adaptable recycling methodologies. Yao et al. [149] also recommend
comprehensive studies of all components, including negative electrodes and electrolytes,
to address potential environmental risks.

Wang et al. [150] identify that global recycling rates for lithium-ion batteries are crit-
ically low, primarily due to the reliance on antiquated metallurgy-based methods that
require complex decomposition processes and extensive use of chemical reagents. To
overcome these limitations, there is a pressing need for innovative and economically vi-
able recycling approaches, with direct recycling /regeneration emerging as a particularly
promising solution. Wang et al. [150] also highlight the crucial role of integrating informa-
tion technology into battery recycling, specifically the enhanced traceability enabled by
assigning unique QR codes to individual batteries, to improve recycling rates in the digital
era. However, significant challenges persist, especially in the labor-intensive pretreatment
phase of direct positive electrode material recycling. Potential solutions could include the
adoption of more sophisticated sorting techniques. Addressing these challenges is vital due
to the complex interdependencies between battery recycling methods and the evolution of
battery technologies. The authors emphasize the need for advancements in the performance
of existing positive electrode materials, such as LCO, LFP, and NCM. Moreover, Wang
et al. point out that the rise in all-solid-state lithium metal batteries introduces additional
recycling challenges due to the higher value and complexities of their materials. The urgent
development of sustainable direct recycling methods is essential, particularly as the volume
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of spent power batteries from electric vehicles (EVs) is projected to reach its peak within
the next three to five years.

Due to the high demand for batteries, the lithium—sulfur (Li-S) battery emerges as a
promising next-generation technology due to its potential for high energy densities without
rare metal inclusion, offering environmental and resource advantages over lithium-ion
batteries (LIBs) [151]. While LIBs are currently mass-produced, Li-S batteries are not,
prompting a prospective life cycle assessment (LCA) to evaluate their environmental and
resource impacts under various scenarios. According to Wickerts et al. [151], the Li-S
batteries have a lower carbon footprint associated with their production and use, lower
environmental impact across their life cycle, and high potential benefits for use as stationary
energy due their high energy density and efficiency, but challenges such as durability and
long-term stability, as well as the need to improve manufacturing and recycling processes to
further reduce their environmental impact [151]. Freitas et al. [152] posits that relationships
among academics, stakeholders, and policymakers is essential to success, not only in
technological advancements and economic regulations but also user acceptance, which
remains an underexplored aspect. Additionally, emerging technologies like microgrids,
vehicle-to-grid systems, and blockchain are poised to reshape PV-EV battery synergy, while
outdated economic regulations and automotive sector strategies could hinder potential
benefits [152].

6.2. Potential Avenues for Future Innovations in Recycling and Reducing Environmental Impact

The escalating use of portable electronics and electric vehicles has highlighted the
impending challenge of lithium-ion battery (LIB) disposal. Inadequate disposal methods,
such as landfill or incineration, pose significant environmental and safety risks due to the
batteries” flammable nature and high metal content. Consequently, there is an urgent need
for battery recycling to sustain economic and environmental health. Key considerations in
battery production include standardized labeling and design features for easy disassembly
and modular structure, alongside advanced battery management systems for monitoring
and control. Material recycling methods vary in efficiency and environmental impact,
requiring a comprehensive approach considering factors like recovery rate and economic
viability [76,97]. Different new investigations are being developed to optimize recycling
processes, minimizing the environmental problems that these processes may cause. The
use of solid polymer electrolytes (SPEs) are promising for SSBs due to their flexibility and
low cost, but they face challenges like low Li* conductivity and a narrow electrochemical
window [153]. Xie et al. [153] studied 23 fluorinated linear polyesters with varied coordi-
nation units and flexible linkage segments. They found a molecular asymmetry crucial
for Li* conductivity enhancement, with tailored polyesters exhibiting a 10-fold increase in
conductivity. Notably, solvent-free poly(pentanediol adipate) achieves the highest room-
temperature Li* conductivity of 0.59 x 107# S cm ™!, attributed to chelating coordination
enhancing antioxidation capability. Additionally, 90% LiTFSI recycling and 86% polyester
regeneration offer cost-effective solutions, elucidating structure—property relationships and
guiding sustainable SSB development [153]. Another study by Barbosa et al. [154] indicates
that SPEs are pivotal for SSB advancement, particularly in meeting the demands of electric
vehicle proliferation and portable electronics. To address environmental concerns, a shift
towards eliminating liquid electrolytes and adopting sustainable materials and processes
is imperative. Despite ongoing efforts to enhance sustainability by substituting synthetic
polymers with natural counterparts in SPEs, further research is needed to optimize battery
performance, particularly regarding conductivity and compatibility between polymers
and fillers [154]. Poizot et al. [155] studied the use of organic materials (conducting poly-
mers, organic molecules, and carbon-based material) as electrodes in batteries. Organic
materials such as polyaniline and polypyrrole, graphene, carbon nanotubes, amorphous
carbon, quinone derivatives, and redox-active organic compounds offer opportunities for
lightweight, flexible, and environmentally friendly energy storage solutions. For example,
the use of organic polymer electrodes such as polyaniline and polypyrrole in electrochemi-
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cal energy storage is promising due to their abundance, low cost, and tunable properties.
They also demonstrate high-density potential and diversity, but challenges related to stabil-
ity, cyclability, electrochemical performance, solubility, degradation mechanisms, and poor
conductivity need to be addressed to achieve practical application [155]. Transition metal
sulfides (e.g., CuS, TiS;) were studied by Whang and Zeier for their potential to be used
in SSBs [156]. The utilization of transition metal sulfides in SSBs represents a promising
approach to advancing energy storage technology. These materials offer several advan-
tages, including high theoretical capacities, good electrical conductivity, and abundance of
raw materials, making them attractive candidates for battery electrodes. Also, transition
metal sulfides demonstrate enhanced electrochemical performance, with high reversible
capacities and improved cycling stability, essential for long-lasting energy storage solutions.
Despite these advantages, challenges such as volume expansion during cycling and poor
electrical contact with solid electrolytes need to be addressed through further research
and development [156]. Other research uses an organic solvent, N-methylformamide
(NMEF), for dissolution and recrystallization of Li3PSy to prepare a solid electrolyte [157].
The investigation underscores NMF’s promise as a solvent for LisPS, dissolution and
recrystallization, augmenting solubility and processing capacities for solid-state electrolyte
materials. Nonetheless, comprehensive evaluation of its drawbacks, inclusive of toxicity
and compatibility concerns, is imperative for its pragmatic integration into lithium-ion
battery technologies [157]. Chen et al. [158] utilized waste acrylic yarn to produce recycled
fibers for constructing a 3D acrylic-based ceramic composite nanofiber solid electrolyte,
enhancing ion conduction pathways and improving thermal and electrochemical stability.
The resulting flexible LLZTO-acrylic electrolyte demonstrated enhanced ionic conductivity
and electrochemical stability, leading to stable lithium symmetric and all SSBs with high
reversible capacity and long-term stability [158].

A new direction to reduce the possibility of environmental contamination and haz-
ardous waste and increase the use of eco-friendly compounds is the application of green
chemistry in future clean-energy technologies. Zhang et al. [159] develop a waste-free
method for synthesizing lithium sulfide (Li,S), crucial for advanced batteries. This novel
approach involves precipitating crystalline Li,S directly from an organic solution via meta-
thetic reaction, offering advantages such as ambient operation, zero hazardous waste
generation, and enhanced economic viability compared to conventional methods. Employ-
ing a “solventing-out crystallization” technique with a low-boiling-point antisolvent allows
for efficient separation of valuable byproducts, enabling direct reuse of unreacted lithium
salt. This closed-loop process, devoid of waste discharge, holds promise for industrial-scale
production while demonstrating impressive battery performance, underscoring its practi-
cal application potential [159]. The demand for LIBs necessitates efficient postconsumer
recycling to recover valuable metals like cobalt and nickel. Piatek et al. [160] studied
a bioinspired microporous metal-organic framework (MOF), SU-101, that demonstrates
selective sorption of Ni?* ions from mixed cobalt-nickel aqueous solutions under mild
conditions. The adsorption capacity for Ni>* reached 100.9 mg/g, while Co?* ions showed
near-zero adsorption, enabling a high yield Ni?* removal of up to 96% at pH 5 and 22 °C.
Molecular dynamic calculations suggest Ni?* ions’ preference for entering MOF canals, of-
fering a green pathway for the selective recycling of valuable metals from cobalt-containing
LIBs [160].

6.3. The Role of Interdisciplinary Research in Advancing Sustainable SSB Technologies

Over the last decade, the proliferation of lithium-ion batteries (LIBs) due to portable
electronics and electric vehicles has raised concerns regarding future development and en-
vironmental impact. Repurposing degraded electrode materials for alternative applications
adds further value. Establishing a cascade utilization system prioritizes battery repair for
units with high-capacity retention and proper recycling for others. With the evolving land-
scape of LIB chemistry, recycling facilities must adapt to handle diverse chemistries. Clear
responsibilities for LIB collection, sorting, and disposal are essential, with manufacturers
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bearing the cost of recycling [97]. Rajaeifar et al. [161] delves into the intricate landscape
of electric vehicle (EV) battery supply and value chains, scrutinizing their sustainability
implications. The researchers identified a plethora of challenges spanning the entire battery
life cycle, encompassing raw material extraction, manufacturing processes, transportation
logistics [161,162], and end-of-life management. Despite these hurdles, recent innova-
tions offer promising avenues for sustainability improvements, including advancements in
raw material extraction methods, eco-friendly manufacturing processes, energy-efficient
transportation modalities, and innovative recycling technologies. The authors note the
necessity for collaborative efforts between academia, manufacturers, OEMs, and the battery
recycling industry to implement circular economy strategies for environmentally friendly
and cost-efficient battery supply, use, and recycling. These developments herald potential
benefits such as reduced environmental impact, enhanced resource efficiency, improved
social responsibility, and increased economic viability [161].

Albertsen et al. [163] propose a circular business model (CBM) and circular economy
(CE) strategies [164] as potential solutions to address resource scarcity and environmental
degradation associated with LIBs. The research demonstrates the prevalence of CE strate-
gies focused on repair, refurbishment, and repurposing, with variations in implementation
linked to manufacturer involvement and internal dynamics. The research emphasized
the collaboration among stakeholders is essential for successful CBMs, along with the
need for design considerations and expertise to extend the lifespan of LIBs. While the
proposed EU legislation aims to incentivize CE strategies, further policy development is
advocated to ensure compliance with waste management principles [163]. Closed-loop
recycling systems offer a promising avenue to mitigate environmental impacts and reclaim
valuable materials for new battery manufacturing [165]. Bai et al. [109] introduce the con-
cept of the battery identity global passport (BIGP) as a strategy for increasing sustainable
recycling. According to Mayyas et al. [165], although current environmental regulations
for end-of-life batteries are lacking, proactive measures coupled with advancements in
recycling technologies could significantly enhance the sustainability and resource efficiency
of the LIB supply chain, emphasizing the importance of recycling from both environmental
and value chain perspectives [165]. Rey et al. [166] evaluate the environmental footprint
of graphite recycling methods, scaling up from laboratory to pilot-scale processes, and
quantify their impacts on various indicators such as global warming and ecotoxicity under
circular economy principles. Attention is shifting towards battery recycling to reintroduce
materials into the economic cycle sustainably. The results of the research indicate that
combined processes involving hydrometallurgy and pyrometallurgy offer environmentally
preferable outcomes, highlighting the potential for sustainable LIB recycling practices [166].
Bird et al. [84], emphasize the importance of learning from the experience of lead-acid
battery recycling to inform LIB recycling policies and address associated environmental
and health challenges [84]. Through detailed material flow analysis, Zhang et al. [97] eluci-
date the route of battery components such as lithium, cobalt, nickel, and graphite through
the recycling process, pinpointing critical stages where material losses occur. The study
evaluates the energy flow associated with LIB recycling, quantifying energy inputs required
at various stages and assessing overall energy efficiency. The technological limitations and
cost were challenges found in the research. By optimizing material and energy flows and
addressing existing challenges, economic and eco-friendly LIB recycling can pave the way
for a circular economy, ensuring the long-term sustainability of battery manufacturing
while minimizing resource depletion and environmental degradation [97].

Regulatory agencies are setting recycling targets in response to this trend [167]. Var-
ious recycling processes for batteries have different effects on greenhouse gas emissions
and economic viability, which may vary depending on the specific battery compositions.
Through comprehensive analysis and cost modeling, Ciez and Whitacre [168] assessed the
environmental and economic impacts of producing and recycling lithium-ion cells with
different positive electrode chemistries. The findings suggest that direct positive electrode
recycling could reduce emissions and be economically feasible, underscoring the impor-
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tance of recycling policies that prioritize efficient methods to collect batteries and reduce
emissions [168]. Slattery et al. [169] determine that to have a successful recycling system,
there are three pillars of sustainability to take into consideration: social, environmental,
and economic [169]. In the EU, a battery regulation aims to promote domestic industries,
protect the environment, and foster a circular economy. However, the lack of coordina-
tion with other global regions may lead to unpredictable consequences. According to
Melin et al. [170], disruptions in the European battery value chain could hinder the pro-
duction of electric vehicles, especially with impending bans on internal combustion engine
vehicles by 2030. Establishing clear global standards for battery supply chains could provide
EU firms with a competitive advantage and promote environmental sustainability [170].
During the 20th century, the United States transitioned from being a major producer of
lithium to heavily relying on imports, particularly for lithium-ion batteries. To forecast
potential futures for US lithium use, four scenarios, including COVID-19 implications,
were modeled for key applications such as electric vehicles, energy storage systems, and
electronics. The “Sustainable Future” scenario shows the highest lithium demand, peaking
at 53 Gg in 2040, while “Fossil Fuel Everything” requires only 500 Gg, peaking at 26 Gg in
2050. COVID-19 impacts are deemed negligible in the long term. According to the research,
the future electrification of the US vehicle fleet and energy storage systems hinges on a
robust international supply chain for lithium chemicals and batteries, along with robust
recycling efforts [171].

7. Conclusions

This review has provided a comprehensive examination of the environmental aspects
and recycling challenges of SSBs, emphasizing the need for sustainable practices throughout
their life cycle. From the extraction of raw materials to end-of-life disposal and recycling,
SSBs exhibit both opportunities and complexities that are critical to the future of energy
storage technologies.

The manufacturing phase of SSBs has shown that while these batteries offer significant
improvements in safety and energy density compared to traditional lithium-ion batteries,
they also pose distinct environmental challenges. These include high energy consumption
and emissions during production, as well as concerns regarding the extraction of novel
materials required for their construction. However, the operational phase offers a brighter
outlook, with SSBs demonstrating superior energy efficiency and a potentially lower overall
carbon footprint, suggesting an advantageous environmental impact during their usage
compared to conventional battery technologies.

The end-of-life management of SSBs presents significant hurdles, particularly in the
realms of disposal and recycling. Recycling SSBs presents unique challenges compared to
traditional lithium-ion batteries due to their solid-state nature and integrated components.
The solid electrolytes and tightly bound materials complicate separation and recovery, mak-
ing traditional methods like shredding and solvent extraction less effective. Additionally,
SSBs are designed to withstand significant physical stresses, which complicates disassembly
and increases the risk of thermal runaway during recycling if improper methods are used.
Current recycling processes, including mechanical, pyrometallurgical, and hydrometallur-
gical methods, face technological and economic challenges specific to the nature of SSBs.
Innovations in recycling methodologies, such as direct recycling, which aims to preserve
electrode materials in their intact form, and electrohydraulic fragmentation, which uses
shock waves for precise disassembly, are emerging to address these barriers, aiming to
enhance efficiency and reduce environmental impact.

Case studies and real-world examples have illustrated successful implementations
of sustainable practices in the life cycle management of SSBs. These instances not only
highlight the feasibility of innovative recycling and sustainability strategies but also provide
valuable lessons and best practices that can be scaled and adapted across the industry.

Looking forward, there is a clear need for ongoing research to address the gaps
identified in this review, particularly in the development of more sustainable material
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extraction techniques, enhanced recycling technologies, and comprehensive life cycle
analyses. The future of SSB recycling will likely depend on interdisciplinary research
and collaboration across various sectors, including industry, academia, and government.
In conclusion, while SSBs represent a promising advance in battery technology with the
potential to significantly reduce environmental impacts, realizing this potential requires
concerted efforts in research, policy development, and industry practices. The transition
towards sustainable SSB technologies will be pivotal in ensuring that the benefits of these
advancements are fully realized, supporting a shift towards a more sustainable and efficient
energy future.
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GHG greenhouse gas

CED cumulative energy demand
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CSP cold sintering process

LCA life cycle analysis

RCRA Resource Conservation and Recovery Act

MIIT Ministry of Industry and Information Technology

TEPCO  Tokyo Electric Power Company

CASIP China All-Solid-State Battery Innovation Collaboration Platform
LCO lithium cobalt oxide (LiCoO,)
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NCM lithium nickel cobalt manganese oxide (LiNiCoMnO;)

PV-EV photovoltaic electric vehicle

SPE solid polymer electrolyte

LiTFSI lithium bis(trifluoromethanesulfonyl)imide

NMF N-methylformamide

LLZTO Lig 5LazZr; 5Tag 5012 garnet electrolyte

MOF metal-organic framework

OEM original equipment manufacturer
CE circular economy

CBM circular business model
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