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A B S T R A C T   

Energy storage systems are main drivers in various fields, especially in the context of energy and mobility 
transition. Battery technologies are one of those options offering good technical performance in multiple sta-
tionary and mobile applications. New batteries having potentially high energy density and higher safety with 
lower cost are in particular ideal candidates for mobility applications. At present especially, lithium-ion batteries 
are used, but they are facing challenges regarding sustainability and safety issues, which can be quantitatively 
analyzed with Life Cycle Assessments (LCA). New developments regarding various solid-state batteries (SSBs) are 
very promising to tackle these challenges, but only very few studies are available on the environmental 
assessment of SSBs. Prospective LCA methodology is used here to analyze the environmental hotspots over the 
different life cycle phases for emerging SSBs. This also helps in decisions making at an early stage of develop-
ment. This review critically analyzes available LCA studies on SSBs focusing on the inventory data, scope of the 
assessment as well as the life cycle impact assessment results. An effort has been made to compare the different 
LCA studies considering global warming potential indicator. As a results, the analysis highlights difficulties in 
comparability due to inconsistencies associated with the data sources, goal and scope, system boundaries and the 
method of impact assessment etc. To facilitate a consistent comparison, a unification methodology has been 
proposed to compare different LCAs of SSBs. Overall, the proposed methodology will help to fill the knowledge 
gap between different existing LCA studies on emerging solid-state battery technologies and provides recom-
mendations for future assessments.   

1. Introduction 

Concerns over the global environmental problems like climate 
change drive the energy and mobility transitions with the goal to 
address the major environmental problems related to energy storage. 
Especially batteries are considered as key technology for the energy and 
mobility transition. Over the last three decades, lithium-ion batteries 
(LIBs) with different chemistries are being used for many different types 
of applications such as portable consumer electronics, stationary storage 
systems and the mobility sector [1]. In recent years, the increased 
penetration of electric vehicles (EVs) in the transport sector created 
renewed interest new battery technologies as they represents a major 
component of the vehicle [2]. Lighter batteries with higher energy 
density could provide the vehicle with a longer range for mobility [3]. 
This pushes continuous research and development in battery technology 

to provide safer and sustainable energy storage [4]. Typically, envi-
ronmental impacts of transportation are closely tied to the use phase 
which is the source of fuel. As stored electricity in the batteries are the 
primary source of fuel for electric vehicles, efficient storage and use of 
electricity is the key to overall sustainable growth of the transportation 
sector [2]. 

Demand for batteries is expected to surpass 3.2 TWh over the next 
decade with the potential surge in electric vehicle (EV) batteries [5]. To 
accommodate this growth, cost-effective and environmentally friendly 
manufacturing methods are needed [6]. Increasing awareness of 
different stakeholders regarding the different sustainability aspects of 
supply chain strives to develop new battery technologies with lower 
environmental impacts. In this context, batteries powered by the Battery 
500 consortium are aimed at providing 500 Wh kg− 1 specific energy, but 
it will be hard with current LIB technology, which uses graphite anodes, 
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organic liquid electrolytes and transition metal oxide cathodes. Addi-
tionally, there is a limited potential for improving the performance of 
conventional LIBs further, since far reaching technological development 
has already been achieved with conventional cell chemistries on a cell 
level [7]. But on the battery pack level there are still opportunities for 
the improvement as demonstrated by Yang et al. (2021) for the LiFePO4 
batteries using optimized thermally modulated approach from cell to 
pack level [8]. Solid-state batteries (SSBs) could potentially change the 
outlook of the mobility sector. Several leading companies, including 
Toyota, BMW, Dyson, Honda, and others, have recently shown great 
interest in solid-state battery technology [9]. The development of 
solid-state batteries was pushed by concerns regarding safety and per-
formance requirements for electric mobility. The solid-state battery is 
supposed to provide advantages in terms of safety, energy density and 
reliability. However, they suffer from some limitations such as the 
reduction in ionic conductivity of the solid electrolyte [10]. The recent 
development of emerging SSBs has created renewed interest over the 
last decade due to the advancement of solid-state electrolytes. 

Different studies have been carried out to evaluate the environ-
mental impacts of traction LIBs using various chemistries with different 
performance characteristics for mobility applications [3,11]. Supply risk 
associated with different raw materials like cobalt, nickel and other 
mineral materials along with lithium resulted in the advancement of 
batteries that contain earth-abundant elements as sodium or magnesium 
[12]. Economic Recycling posed new challenges for the success of the 
lithium batteries in the mobility sector [13]. All these aspects have been 
analyzed in recent studies as [14]. Surprisingly, not many studies are 
available on LCA of solid-state batteries in literature, which is major gap 
for the field. The absence of such studies makes comparative LCAs 
hardly possible as these analyses are very sensitive to aspects such as 
source of inventory data, impact assessment as well as the different goals 
and scopes of the assessment etc. However, the comparison of the 
environmental performance on a common basis is considered to help to 
find similarities and differences between different studies. Sometimes 
recompilation of the inventories of the existing studies are needed to 
make improvement in comparisons on a common functional basis [2]. 

This work aims to provide a in depth review of life cycle environ-
mental impacts of SSBs, to identify potential hotspots and provide in-
formation for further requirements regarding environmental 
assessments and the implications for future possible design options. 
Additionally, a new unification methodology for comparative LCAs with 
a consistent basis is suggested. The article is organized as follows: Sec-
tion 2 describes the current status of solid-state batteries with the focus 
on the solid electrolytes in comparison with existing batteries. Here, 
challenges and future opportunities for the SSBs are also discussed, 
including different solid electrolyte alternatives to provide a better un-
derstanding regarding sustainability as well as compatibility aspects; 
Section 3 describes the used review methodology for the existing LCAs 
on SSBs including the discussion of the different aspects of the life cycle 
stages; Section 4 discusses the discrepancies involved in existing LCA 
studies and also proposes the unification methodology for the compar-
ative assessment between the different LCA studies to provide a common 
basis to support decision making. Finally, the last section summarizes 
the key conclusions of this work and discusses the future direction of the 
research. 

2. Current status of solid-state batteries 

The following section will provide relevant background information 
about solid state electrolyte-based batteries. First, the differences be-
tween conventional LIBs and emerging SSBs are discussed. This is fol-
lowed by the description of different types of solid electrolytes and their 
properties, including inorganic, polymer and composite alternatives. 
The following part explains different solid electrolytes used in the 
development of solid-state batteries beyond lithium battery chemistries. 
The challenges associated with the production and functioning of solid- 

state batteries are highlighted in the final summary. 

2.1. Comparison of LIBs and SSBs 

In principle, lithium-ion battery (LIBs) consists of two porous elec-
trodes separated by a microporous separator with a liquid electrolyte 
that enables ion transport throughout the cell. Currently, commercial-
ized LIBs employ intercalation-type cathode materials (such as lithium 
cobalt oxide) and graphite anode materials. Different LIB technologies 
are dominating a wide set of markets segments, but there are still several 
challenges regarding energy density and power density of batteries for 
future applications, such as electric vehicles (EVs). The development of 
lithium-ion batteries is driven by the rising demand for high energy 
density. 

LIBs currently have volumetric and gravimetric energy densities up 
to 770 Wh/L and 260 Wh/kg. respectively for e.g., for lithium nickel 
manganese cobalt oxide (NMC): lithium-titanium-oxide (LTO) configu-
ration 30–80 Wh/kg, and for lithium iron phosphate (LFP): graphite 
60–160 Wh/kg while for lithium nickel manganese cobalt oxide (NMC)/ 
lithium cobalt aluminum oxides (NCA): graphite configuration energy 
densities are reported to be 140–260 Wh/kg [15]. According to 
Solid-State Battery Roadmap 2035+, Fraunhofer (2022) cell level 
gravimetric energy densities for emerging SSBs are estimated up to 350 
to 500 Wh/kg with different solid electrolyte based SSBs [16]. 

However, high cost, toxicity and low availability of materials such as 
Co, Ni potentially restrict the large-scale use of some LIBs -types as NMC 
especially in the new electric vehicle [17]. At the same time, stability of 
the cells is directly related to the used electrolyte type as the continuous 
degradation of electrolyte during repetitive charge and discharge pro-
cesses reduces the capacity and cycle life of the cell [18]. Lithium hex-
afluorophosphate (LiPF6) dissolved in an organic solvent such as 
ethylene carbonate (EC) or ethyl methyl carbonate (EMC) is the most 
popular electrolyte for state-of-the-art LIBs. However, organic liquid 
electrolytes used in current LIBs pose major safety concerns regarding 
thermal instability. For example, operating the battery at 70 ◦C might 
cause solvent evaporation and cell rupture, resulting in the leakage of 
hazardous and flammable electrolyte [19]. Also, for batteries with 
lithium metal anodes, the uneven Li+ deposition morphology on the Li 
metal will cause uneven current distribution, which eventually leads to a 
dendrite-like lithium growth. In the worst case, the lithium dendrite will 
penetrate the microporous separator and reach out to the cathode, 
which will circuit the battery and cause thermal runaway. The flam-
mability of the organic liquid electrolyte will also add to the safety 
hazard in this circumstance [20,21]. 

New applications necessitate separate purpose-built batteries with 
new chemistries and architectures to suit varying performance and 
safety requirements [22]. To meet the intended safety standards, new, 
emerging batteries use a solid-state electrolyte with a significantly 
higher inherent stability. Such so called all-solid-state lithium batteries 
that use a solid electrolyte in place of a liquid electrolyte have been 
increasingly investigated recently [23,24]. Moreover, the enhanced 
safety of the solid-state batteries increases the feasibility of using lithium 
metal as anode, which, meanwhile, can increase the energy density of 
the battery system [25]. 

The fabrication approach for solid-state batteries largely depends on 
the mechanical properties of the solid electrolyte being used. Current 
approaches for solid-state batteries production are at low technology 
readiness levels and can hardly be scaled up to industrial scale as there 
are several problems to be solved. In addition, compared with organic 
liquid electrolytes, solid electrolytes generally exhibit lower ionic con-
ductivity. Nevertheless, the potential of solid-state batteries is consid-
ered to be very high [26]. Constant research and development of solid 
electrolytes are ongoing to address these issues [10]. Schnell et al. 
(2018) explained the differences between current LIBs and SSBs pro-
duction technologies with possible changes in the different production 
stages and challenges associated with them. In particular, this work 
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compared the production processes of a sulfide based all solid-state 
battery with a conventional lithium-ion battery and concluded that 
the processes for composite electrode fabrication can be adapted with 
some effort, while the fabrication of the solid electrolyte separator layer 
and the integration of a lithium metal anode will require completely new 
processes [27]. 

2.2. Solid electrolytes 

The electrolyte is the most important SSB-component that drives the 
development of future batteries [28]. Research activities of newer and 
alternate electrolytes for all SSBs are driven by major incentives pro-
vided such as possible increment in energy density, specific power, and 
energy efficiency [29]. In all solid state lithium batteries (SSLB), solid 
electrolytes enable the use of lithium metal as the anode material instead 
of carbon/silicon regularly used in current LIBs, bringing about a 70% 
increment in volumetric energy density when compared to traditional 
anode materials [30,31]. At the same time they fulfill the dual role in 
SSBs as a ionic conductor facilitating transport of Li-ion and as a sepa-
rator between electrodes [4]. The solid electrolyte’s material qualities 
have a significant impact on the manufacturing technique for SSBs [32]. 
However, the selection of the appropriate solid electrolytes is difficult 
because numerous criteria must be considered, including conductivity, 
compatibility, stability, cost, environmental and electrochemical per-
formance [33]. Solid electrolytes can be categorized into three major 
forms, namely inorganic, polymeric, and composite materials as dis-
played in Fig. 1. 

2.2.1. Inorganic electrolytes 
Inorganic electrolytes are non-flammable and contain no harmful 

substances, offering better thermal stability and conductivities than 
liquid electrolytes over a larger temperature range of -10 ◦C to 100 ◦C 
[24]. They can be classified into three types based on the anion chem-
istry including (i) oxide-based; (ii) sulfide-based and (iii) halide-based 
solid electrolytes. For the oxide-based electrolytes, several different 
crystal structures can be adapted, including perovskite structure (Li3x-

La2/3− xTiO3, LLTO), Natrium Super Ionic Conductors (NASICON)-type 
structure (Li1.3Al0.3Ti1.7(PO4)3, LATP; Li1.5Al0.5Ge1.5(PO4)3, LAGP) and 
garnet-type structure (Li7La3Zr2O12, LLZO). Generally, oxide-based 
materials demonstrate good ionic conductivity, superior oxidation sta-
bility and thermal stability. The NASICON-structured materials show 

reduction stability due to the redox active Ti/Ge [35]. 
The ionic conductivity of the second category ii) sulfide-based elec-

trolytes (amorphous and crystalline) is higher than that of oxide-based 
inorganic electrolytes but are chemically more unstable. Sulfides show 
an ionic conductivity between 2 and 27 mS cm− 1 at room temperature 
(RT) (such as most widely studied Li10GePS12 and Li6PS5Cl), while ox-
ides ionic conductivity varies between 0.25 and 1 mS cm− 1. Despite 
having advantages on ionic conductivity the sulfide based electrolytes 
suffer from lower thermodynamic stability [36]. At the same time, there 
are concerns regarding manufacturing difficulties and poor interfacial 
charge transport caused due to inferior contact with the electrodes limits 
the practical applications of inorganic solid electrolytes [22,37]. Oxide 
electrolytes generally exhibit high mechanical and chemical stability, 
but require high-temperature processing (sintering), are brittle and have 
a relatively poor ionic conductivity. Sulfide electrolytes are mechani-
cally softer and more malleable than oxide solid electrolytes and easier 
to process (no sintering is necessary) [16]. iii) Halide solid electrolytes 
have also attracted increasing attention in recent years owing to their 
high oxidation stability and good compatibility with cathode composite 
materials. This intensive research interest can be dated back to 2018 
when Panasonic revisited the Li3YCl6 and Li3BrCl6, which demonstrate 
good ionic conductivity of up to 1 mS cm− 1 at RT. Thereafter, lithium 
halide compounds including chlorides and bromides with different 
central metal cations have been investigated, while their moisture 
sensitivity and anode instability remain as major challenges toward 
practical use. Among the current choices for solid electrolytes, inorganic 
(ceramic) materials have attracted much attention and are currently 
extensively explored for SSBs [38]. 

2.2.2. Polymer electrolytes 
Polymer electrolytes are solid solutions of alkali metal salts in 

polymer matrixes which possess advantages over liquid electrolytes such 
as low flammability, lack of leakage, improved safety, and incomparable 
mechanical adaptability in low-temperature applications [39]. Poly-
ethylene oxide (PEO) based complexes were used as solid polymeric 
ionic conductors by Fenton et al. (1973) and later extensive research has 
been carried out on polymer based electrolytes [40]. Zhang and Armand 
(2021) discussed on the development of solid polymer-based lithium 
metal batteries and highlighted the main achievements being made at 
both material and cell levels [41]. Castillo et al. (2022) summarized the 
recent progress on polymer-based solid-state Li-S batteries highlighting 

Fig. 1. Overview of different solid electrolyte types [32,34].  
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their mechanical stability and excellent flexibility. They also discussed 
the existing development and current challenges on polymer 
electrolyte-based solid-state batteries [42]. 

Polymer electrolytes show lower ionic conductivity at RT but can be 
enhanced with the addition of small numbers of ceramic particles that 
reduce crystallization with the improvement in ionic conductivity by 
enhancing the contact between the electrode and the electrolyte [43]. 
When compared to inorganic electrolytes, the polymer electrolyte’s 
electrochemical window is lower (below 4 V) [17]. Organic polymer 
electrolytes provide several advantages over inorganic solid electrolytes, 
including increased flexibility, the capacity to make close 
electrode-electrolyte contact, and ease of processing. 

Polymer electrolytes are categorized into two types, namely (i) gel 
polymer electrolyte and (ii) solvent-free solid polymer electrolytes. The 
first (i) gel polymer electrolyte has inferior mechanical qualities but a 
higher ionic conductivity, whereas the (ii) solid polymer electrolytes are 
mechanically stronger and may be made into free-standing electrolyte 
membranes without the use of additional mechanical supports [44]. 
Inclusion of the gel polymer electrolytes as a type of solid electrolyte has 
been the controversy in the scientific community but we included gel 
polymer electrolytes in the figure mentioning it as a subtype of the 
polymer electrolyte. Ionic conductivity of gel polymer electrolytes, 
incorporating organic solvents is as high as ~10− 3 S cm− 1 at RT, while 
solid polymer electrolytes show poor ionic conductivity lower than 
10− 5  S cm− 1. Gel polymer electrolyte is mechanically stable, adaptable, 
and formed by immobilizing the liquid electrolyte in the polymer host 
matrix. This avoids the risks of leakage and solvent evaporation along 
with that it also provides beneficial characteristics of a polymer matrix 
with the superior ionic conductivity of liquid organic electrolytes by 
sharing both the diffusive and cohesive properties of solids and liquids 
accordingly. In addition to that, the encapsulation of a liquid electrolyte 
in a solid polymer host matrix results in an enhanced electro-
de/electrolyte contact and interface, especially with graphite anodes 
[45,46]. Polymer electrolytes are also classified as polyether based and 
other organic polymer electrolytes such as polycarbonate, polysiloxane 
and plastic based electrolytes [38]. Compared to both inorganic solid 
electrolytes and liquid ones, solid polymer electrolytes (SPEs) combine 
both good adaptability and higher safety, which makes them preferred 
for SSBs. Polymer electrolytes are the most established amongst all solid 
electrolytes in terms of material availability and production technolo-
gies. However, limited ionic conductivities at RT, poor chemical 
compatibility with high-potential cathode active material (CAM)and a 
low limiting current density due to the ionic conduction mechanism are 
challenges on the path to a broader market implementation [47]. 

2.2.3. Composite electrolytes 
Composite or hybrid solid electrolytes are composed of an ion con-

ducting organic polymer and an inorganic material (e.g. SiO2, 
Li1+xAlxTi2− x(PO4)3) [32]. Composite electrolytes show the advantages 
of respective components by compensating drawbacks of the polymer 
and inorganic electrolytes and to enhance the overall performance of the 
solid electrolyte regarding mechanical properties, electrochemical 
window and transference number [48]. The typical ceramic/polymer 
composite solid state electrolyte (SSE), which combines polymer mate-
rial to promote interfacial compatibility between electrodes/electrolyte 
and inorganic fillers to govern ion migration, provided a promising 
performance for composite electrolytes [49]. Potential advantages of the 
hybrid composite electrolytes with the distinctive merits of solid inor-
ganic electrolytes (SIEs) and solid polymer electrolytes (SPEs) are 
becoming increasingly attractive and present great research potential in 
the field of SSB. 

Composite electrolytes are classified into two types, namely 
polymer-in-ceramic and ceramic-in-polymer. This hybrid composites 
can be simply obtained by dispersing inorganic electrolyte particles in a 
polymer matrix. Hybrid solid state electrolytes (HSSEs) can be trans-
formed based on the contents of polymer and inorganic in the 

composites, between “ceramic-in-polymer” and “polymer-in-ceramic”. 
Such change in composition would notably alter the ionic transport 
behavior as well as the mechanical properties [50]. The 
polymer-in-ceramic interlayer shows high mechanical strength, hin-
dering Li-dendrite propagation, and the thin ceramic-in-polymer outer 
layers provide smooth and flexible surfaces to the electrodes, ensuring 
excellent interfacial contact. The ionic conductivity of these electrolytes 
can approach ~10− 3 S cm− 1 at RT from ~10− 4 S cm− 1 for a polymer 
electrolyte with low-molecular-weight additive [51]. 

2.3. Potential solid electrolytes for different battery chemistries 

As mentioned before, the potential of further optimization of liquid 
electrolyte-based batteries is diminishing and expected to reach limits in 
the coming decades. Therefore, the next generation solid electrolyte- 
based battery technologies are increasingly in focus and could reach 
the market in larger volumes in next years if named problems are 
resolved. Different battery chemistries play a significant part in the 
performance of the battery and its constituent elements have consider-
able environmental impact from a life cycle as well as resource scarcity 
point of view. To this end, other chemistries, in addition to Li-ion, are 
also being investigated for solid-state batteries [22]. For instance, Na 
and K are earth abundant elements which are considered to be prom-
ising candidates for “post-lithium” energy storage devices. More 
importantly, as alkali metal elements, both of them share the similar 
working principle with lithium in terms of secondary batteries, which 
gives great feasibility to transfer the knowledge gained from LIBs to 
Na/K-ion batteries. On the other hand, Mg, Ca, Zn, and Al also attracted 
tremendous attention in recent years. Not only they are earth abundant 
elements, but their multi-valency also contributes to a higher volumetric 
energy density by increasing the number of electrons involved in the 
electrochemical process, which potentially can meet the increasing re-
quirements of energy storage with high volumetric energy density bat-
teries [23,31]. For example, Magnesium has approximately the double 
volumetric capacity of lithium. aluminum has the highest volumetric 
capacity (8040 mAh cm− 3), about four times that of lithium, as well as a 
high gravimetric capacity. However, presently the development of 
beyond-lithium battery technologies is still at their initial stage, and 
none of these are competitive with the Li based chemistries. LIBs have 
seen their energy density treble at the cell level, with battery pack costs 
falling from $1100/kWh in 2010 to $156/kWh in 2020. The following 
part introduces several successful cases of solid-state batteries with 
different chemistries. 

Li et al. (2015) demonstrated the viability of using LiPON solid 
electrolyte in lithium batteries with a high-voltage cathode and a 
lithium metal anode [52]. Zhang et al.(2022) reported 
high-performance with good cycling stability of polyvinylidene fluoride 
(PVDF)-Li6.75La3Zr1.75Ta0.25O12 (Ta-LLZO) composite polymer electro-
lyte with Li-LCO battery chemistry [53]. Han et al. (2018) showed 
excellent cycle stability and higher capability of LLZO electrolyte for 
Li-LCO battery with cathode-electrolyte interface modification by 
incorporation of Li2.3C0.7B0.3O3 solder with solid electrolyte [54]. Along 
with the named lithium-ion batteries Li-S and Li-air batteries also gained 
attention due to their higher energy densities. PEO polymeric electro-
lytes and inorganic sulfide glass electrolytes have been used in all 
solid-state batteries for the Li-S. Tao et al. (2017) reported a battery 
capacity of 900 mAh g− 1 with a high cycle stability and coulombic ef-
ficiency for Li-S batteries utilizing a composite electrolyte of PEO/LLZO 
[55]. Liu et al. (2015) used LAGP electrolyte for Li-air batteries and 
showed high initial specific capacity of 2800 mAh g− 1 with single-walled 
carbon nanotubes [56]. 

Sodium ion batteries are most promising alternative after lithium-ion 
batteries because sodium is the next targeted element after lithium 
considering its atomic weight, abundant availability, and standard po-
tential. Dai et al. (2021) discussed different modification methods of 
solid electrolytes to improve the electrochemical performance for all- 
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solid-state sodium-ion batteries [17]. Hayashi et al. (2016) reviewed ion 
conductivities for Li+ion and Na+ ion for sulfide solid electrolytes. Ionic 
conductivities of solid electrolyte for sodium ion varies from 1.2 × 10− 3 

to 7.3 × 10− 6 S cm− 1 [57]. Yu et al. (2018) developed and used 
Na11Sn2PSe12 electrolyte in a Na-Sn/TiS2 all-solid-state battery cell and 
demonstrated excellent rate performance with a high reversible capacity 
of 66.2 mAh (g of TiS2)− 1 after 100 cycles with cycling retention of 
88.3% at a rate of 0.1 C at RT [58]. Deng et al. (2017) investigated 
electrochemical performance of layered Ca-doped Na2 Zn2-x CaxTeO6 
(NZTO–Cx) electrolytes with the conductivity of 7.54 × 10− 4 S cm− 1 

with improved cycle stability [59]. Hou et al. (2017) demonstrated a 
safe and durable all-solid-state sodium ion battery with 
Na0.67Ni0.23Mg0.1Mn0.67O2 as the cathode, metallic sodium as the anode, 
and solid polymer electrolyte (SPE) film of perfluorinated sulfonic in the 
Na form (PFSA-Na) swollen with ethylene carbonate-propylene car-
bonate mixed solvents as the electrolyte [60]. Gandi et al. (2022) 
reviewed the development of glass ceramic cathode/solid electrolytes 
for all solid-state sodium ion batteries. These electrolytes are still in the 
development stage as several challenges have to be addressed to 
improve the cycle life of all solid state inorganic batteries (ASSIBs), 
along with the reduction of cost of production [61]. 

Ferrari et al. (2021) discussed solid state post-Li metal ion batteries 
including K, Ca, Mg, Na based batteries. This study also discusses 
different potential solid electrolytes for these batteries and suggested the 
further scope and potential of the battery technology development [38]. 
Yan et al. (2020) presented solid Mg2+ electrolytes based on ammine 
magnesium borohydride composites, Mg (BH4)2⋅xNH3. The MgO nano-
particles showed a conductivity of the order of 10− 5 S cm− 1 at RT and 
increased up to 10− 3  S cm− 1 at a temperature of 70 ◦C representing 
important advancement of solid-state ion conductors for Mg2+ [62]. Lu 
et al. (2017) investigated the electrochemical performance of Li, Na, Ca, 
and Mg borohydrides for solid-state Li, Na, Mg, and Ca batteries [63]. 
Dong et al. (2021) discussed about potential enhanced electrochemical 
performance of the solid-state zinc-ion batteries (ZIBs) along with the 
future directions needed to guide research for its commercialization 
[64]. 

2.4. Challenges associated with the production and functioning of SSBs 

Solid state battery technologies based on the different classes of solid 
electrolytes face various technological challenges such as the scale-up of 
material production, production of the different battery components and 
compatibilities between their performance aspects [4]. 

The interfaces between the different components of the battery are 
very critical in designing solid-state battery cells. The electrochemical 
stability window of an electrolyte indicates at what electric potential the 
electrolyte is reduced (anode) or oxidized (cathode). Sulfides have 
narrow electrochemical stability window, which limits the electrode 
active materials with which they can be readily combined. For solid 
polymer electrolytes, the combination with high-potential cathodes 
poses a challenge due to their low ionic conductivity, while their elec-
trochemical stability window does not hinder combination with the 
anodes [18]. Wang et al. (2021) discussed interfacial challenges asso-
ciated with sulfide electrolytes for SSBs despite having benefits of higher 
conductivities [65]. Besides electrochemical compatibility, the chemical 
stability of the electrolyte material is a challenge that needs to be 
addressed. Coatings of the cathode active material can prevent decom-
position reactions of sulfides at the interfaces. Oxide electrolytes have 
exceptional electrochemical and chemical stability. Processability 
challenges must be addressed for the electrolytes for e.g., oxides elec-
trolytes have to be sintered with cathode, but it is harmful to the active 
materials due to high temperature involved in the sintering process [23]. 
Sulfide electrolytes show instability towards the polar solvents and must 
be processed with non-polar solvents. Conventional binders such as 
polyvinylidene fluoride (PVDF) and carboxymethyl cellulose (CMC) 
show poor solubility in nonpolar solvents hence other binders such as 

styrene – butadiene rubber and silicon rubber have to be used to ensure 
the mechanical stability, but the addition of binders also reduces the 
ionic conductivity of the electrolyte. SSBs with solid electrolytes suffer 
from mechanical instability, this issue has to be addressed by finding the 
balance between material and processing technique at the level of pro-
duction stage of the cell [3]. Overall, SSBs are still at low technology 
readiness level (TRL) stages and face several challenges according to a 
report of the European commission on solid-state-lithium-ion-batteries 
for electric vehicles. Polymer based SSBs are considered to be at a 
Technology Readiness Level (TRL) 7–8 while inorganic and hybrid solid 
electrolyte based SSBs are still at basic research of TRL 4–6 level [66]. 
But among the potential solid-state batteries, only polymer based SSB 
are available on markets with an annual production capacity of less than 
2 GWh with a primary application target on electric buses. The biggest 
drawback of the current generation of polymer SSB is the operating 
temperature of 50–80 ◦C. Any SSB technology entering the market is 
expected to start at higher costs compared to the LIB benchmark. This is 
mainly due to new manufacturing technologies and smaller-scale pro-
duction. Development of solid electrolytes and their compatibility with 
electrolytes is the key for the emerging solid-state batteries. Fig. 2 
summarizes the different types of solid electrolytes used in SSBs with a 
ranking approach for the different properties. It is hard to identify the 
most promising SSB due to lack of sufficient studies [16]. 

To ensure the efficient performance of the battery, cell thickness of 
the electrolyte, its microstructure, and interfaces need to be controlled 
during material processing and manufacturing. The thickness of the 
electrolyte has considerable impact on the achievable energy density of 
the battery cell. The microstructure of the SSBs is critical for establishing 
transport pathways for the ions as solid-state composite cathodes 
comprised of cathode material and solid electrolyte. Along with that, 
interfaces are important as nonuniform or irregular interfaces can lead 
to local ionic flux that can cause degradation and affect the lifetime of 
the solid-state batteries [29]. As in the case of state-of-the-art lith-
ium-ion batteries, industrial scale production of SSBs must take into 
account material criticality. Smith et al. (2021) suggested to explore the 
sulfide electrolyte based SSBs other than Li6.4La3Zr1.4Ta0.6O12 (LLZTO) 
garnet structured electrolyte considering the issue of material criticality 
[67]. Wet processing shows a higher maturity for the oxide and sulfide 
based SSBs and the extrusion-based processing is more mature and used 
commercially to produce polymer based SSBs [35]. Integration of the 
various cell components with the scalable fabrication process consid-
ering the economic as well as technical aspects poses significant chal-
lenges [4]. After all, the commercialization of SSLBs relies upon the 
development of high-performance thin solid electrolytes [35]. 

Low ionic conductivity at low temperature along the electrolyte- 
electrode interface produces s higher interfacial resistance between 
electrolyte and electrode that hinders the performance of all SSBs. Poor 
chemical physical and electrochemical compatibility of electrolytes with 
the electrodes also limits the electrochemical performance of battery cell 
[68,69]. All three major types of solid electrolytes have different prop-
erties, which influence the functioning of solid-state batteries. Han et al. 
(2020) showed that hybrid solid-state electrolytes (HSEs) combine the 
advantages of inorganic and polymer electrolytes while overcoming the 
disadvantages of each component when used separately using the 
ranking for the different properties as shown in Fig. 2 [70]. 

Despite several advantages of solid electrolytes over liquid electro-
lytes, they face a variety of challenges and further research needs to be 
carried out to address these issues for the commercial success of the SSBs 
[43]. For large scale application of solid electrolytes in SSBs following 
attributes are required in the future, for example, (i) high ionic con-
ductivity at RT; (ii) negligible interfacial impedance; (iii) electrolytes 
should have matching thermal expansion coefficients with both elec-
trodes; (iv) higher chemical stability; (v) wide electrochemical stability 
window; (vi) low cost and easier methods of synthesis, high throughput, 
(vii) environmental sustainable, and (viii) availability of the constituent 
materials for electrolyte production (criticality aspect) [43,48]. 
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3. Review of existing LCAs of solid-state batteries 

3.1. LCA methodology 

Global Life Cycle Assessment (LCA) is a standardized method to 
analyze potential environmental impacts of a system, product, or service 
throughout its entire life cycle, from raw materials acquisition to the 
end-of-life phase. The standard LCA consists of four main phases, which 
are often interdependent such as goal and scope definition, life cycle 
inventory (LCI), life cycle impact assessment (LCIA) and interpretation. 
The goal and scope definition provides a description of the product 
system in terms of the system boundaries and a functional unit. Func-
tional unit is a quantitative description of the service performance of the 
investigated product system which is the important basis for comparison 
between different alternative products or services. The inventory Anal-
ysis aims to identify and quantify energy, water and materials usage and 
environmental releases to atmosphere. Impact Assessment involves the 
assessment of the potential human and ecological effects of energy, 
water, and material usage and the environmental releases identified in 
the inventory analysis [71]. Several LCIA methods are being used such 
as ReCiPe, ILCD, EF etc. They use different impact indicators as e.g., 
global warming potential (GWP), cumulative energy demand (CED), 
human ecotoxicity (HT) etc. However, the most preferred indicator used 
for comparative assessment is GWP. GWP converts LCI data into carbon 
dioxide equivalents for the emissions such as carbon dioxide (CO2), ni-
trogen dioxide (NO2), methane (CH4), chlorofluorocarbons (CFCs), 
hydrochlorofluorocarbons (HCFCs), methyl bromide (CH3Br) etc. 
Finally, the interpretation phase evaluates the results of the inventory 
analysis and impact assessment to select the preferred product, process, 
or service with a clear understanding of the uncertainty and the as-
sumptions used to generate the results. LCA models are very commonly 
built using existing databases and datasets that provide background life 
cycle inventory (LCI) data that can (ideally) be coupled with the 
collected primary data. Primary data are plant-specific, measured, 
modelled, or estimated data for conducting an LCI that the practitioner 
can directly access or for which the practitioner has input into the data 
collection process. Secondary Data are not collected specifically for the 
purpose of conducting an LCI and for which the practitioner has no input 
into the data collection process, it can be taken from the various re-
sources form the literature, data sheets or expert inputs. In general, 
overall LCA methodology can help decision-makers by comparing all 

major environmental impacts caused by products, processes, or services 
[72]. 

3.2. State of the art 

An exhaustive literature research is carried out on available studies 
with the focus on the environmental life cycle impacts of SSBs. The 
literature search in google scholar using “solid electrolytes” shows 
284,000 hits indicating that a high number of publications concerning 
solid state electrolyte related research work has been carried out in the 
same time frame. In sharp contrast, when the literature search in google 
scholar is done using “LCA on solid state batteries”, the result only shows 
15,800 hits from 2015 to 2022. Surprisingly, the results show that there 
are only six detailed LCA studies on SSBs available. In the following part, 
a general overview on the available studies is provided. This is followed 
by an analysis of the goals and scopes of the studies, then LCAs are 
analysed in detail in respect of the used electrolytes. 

3.3. Available studies 

Though lots of research on the solid-state batteries is being carried 
out in the last few decades, solid electrolytes still suffer from some of the 
issues regarding ionic conductivity and compatibility with the elec-
trodes, hindering a broad market introduction. Their low development 
stage (no industrial scale) and technical challenges as well as the pure 
absence of robust data represents a challenge for environmental 
assessment. Consequently, only six studies have been identified which 
discuss the life cycle impact of production and use of solid-state batteries 
in a sufficient degree. These studies mostly use assumptions regarding 
the performance of battery technologies at different stages of their life 
cycle and have a major focus on mobility applications. Details regarding 
the cell properties (chemistry, specific energy and battery size), in-
ventory data, function unit, boundary of assessment, different impact 
categories of the reviewed studies are summarized in Table1. 

3.4. Goals and scopes 

Six studies are available in the literature on LCA of SSBs and amongst 
them four studies focus on the potential application for electric mobility 
and two studies consider the application of SSB for stationary energy 
storage. Details about these LCA studies are enlisted in Table 2. 

Fig. 2. Ranking of properties of solid electrolytes (5 = best, 1 = worst) (data based on Han et al. (2020).  
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Keshavarzmohammadian et al. (2015) analysed environmental impact 
of lithium pyrite (FeS2) batteries for electric mobility with a range of 
200-miles considering the functional unit of 80 kWh of energy capacity 
with an estimated battery mass of 440 kg. The assessment has a cradle to 
gate perspective, considering all steps of battery manufacturing process 
including the material and energy requirements to produce cells, mod-
ules, and a final battery pack. It also includes battery materials pro-
duction, energy for battery material preparation, manufacturing, and 
assembly; transportation of raw materials to chemical plants and to 
factories where related components are manufactured; and trans-
portation of materials and prefabricated components to the battery 
production facilities. Capital equipment and infrastructure (e.g., the 
stainless steel for the coating machine) for battery production were not 
included in the assessment [3]. 

Troy et al. (2016) investigated environmental impacts to produce 
SSB pouch cells, manufactured at the Institute of Energy and Climate 
Research (IEK-1) of Research Center Jülich (FZJ). The functional unit is 
a pouch cell with a capacity of 43.75 mAh. Three scenarios including the 
production of pouch cells at present laboratory scale production (sce-
nario 1), ideal laboratory scale production with the possible efficiency 
enhancement (scenario 2), and envisioned industrial scale production 

with the assumption of reduction in the energy requirement and the size 
of the solid electrolyte (scenario 3) were considered in the study [73]. 
Smith et al. (2021) compared the environmental hotspots of a LIB using 
LiFePO4 as cathode and an SSB based on solid inorganic garnet struc-
tured electrolyte Li6.4La3Zr1.4Ta0.6O12 (LLZTO) via a cradle to gate 
approach. Environmental impacts were compared using two functional 
units namely i) impacts per kg of battery production and ii) impacts for 
delivery of 50 MJ of electrical energy [67] and the results indicate a 
lower environmental impact of LIBs, in particular LFP compared with 
SSBs. 

Vandepaer et al. (2017) compared cradle to gate the environmental 
performance of lithium metal polymer (LMP) stationary batteries to 
conventional LFP batteries with the storage capacity of 75 kWh and 6 
MWh to capture impacts associated with a distributed and centralized 
battery system configuration that is intended to be used in Quebec. The 
study uses 1 MWh of electricity delivery from the used configurations as 
functional unit. The boundary of the assessment includes raw material 
extraction, manufacturing, installation and the maintenance of battery 
and other components. It also considers the use phase to deliver the 
stored electricity along with the end of life treatments as a landfill 
considering the transportation to a treatment facility [74]. Lastoskie and 

Table 1 
Details about the LCA studies available in the literature for the solid-state batteries.  

Reference Battery 
chemistry 

Specific 
energy 
(Wh/kg) 

Battery 
size 

Method of 
impact 
assessment 

Impact 
categories 
analysed 

Cycle life System 
boundary 
and 
regional 
scope 

Functional 
unit 

Cell/battery 
type 

Lastoskie and Dai (2015) LCO-Li metal 300 40kWh ReCiPe CED, GWP, 
HT, PMF, FE, 
POF, WDP, 
MDP 

1000 Cradle to 
gate 
United 
States 

1 Wh energy 
storage  

Model cell 
(cylindrical) LMO-Li metal 230 1000 

NCM-Li 
metal 

270 1300 

LVO-Li metal 580 1000 
SVO-Li metal 430 N/A 
NCA-Li metal 220 N/A 
LNMO-Li 
metal 

350 N/A 

CuMn-Li 
metal 

175 N/A 

Keshavarzmohammadian 
et al. (2018) 

FeS2+TiS2-Li 
metal 
(Sulfur based 
solid state 
lithium 
pyrite 
battery) 

182 80kWh TRACI version 
1.02), 
developed by 
the U.S. EPA 

ODP, 
GWP100, 
PSF, AP, FE, 
HT, RPE, ETP, 
CED 

N/A 
(assumed 
battery lasts 
the life of 
Electric 
vehicle) 

Cradle to 
gate 
United 
States 

Production of 
80 kWh 
battery pack  

Original cell 
based on lab 
scale results 

Smith et al. (2021) LFP-Li metal 314 1 kg ReCiPe 
Midpoint (H) 
v1.13 and 
cumulative 
energy 
demand 

GWP100, 
ETP, HT, 
METP, TETP, 
FE, ME, AP, 
CED 

100 Cradle to 
gate 
UK 

1 kg of 
battery  

Model cell 

Troy et al. (2016) LCO-Li metal 26–87 43.75 
mAh 

ILCD CED, GWP, 
HT, PMF, FE, 
POCP, HT, IP, 
ET, ODP, 
RDP, AP 

N/A Cradle to 
gate 
Germany 

43.75mAh 
Capacity  

Original cell 
(Pouch) 

Vandepaer et al. (2017) LFP-Graphite 88 75 kWh 
and 
6MWh 

IMPACT 
2002+ and 
TRACI 

ODP, GWP, 
AP, FE, HT, 
FDP, IR 

5000 Cradle to 
gate 

Delivery of 1 
Mwh of 
electricity  

Original cell 

Zhang et al. (2022) NMC-Lithium 
metal foil 

116.5 
(Estimated) 

Coin cell 
of 5.15 
gm 

TRACI GWP AP, ETP, 
EP, HHPA, 
HTP, ODP, FF, 
SA 

N/A Cradle to 
gate (source 
to wheel) 

Coil cell with 
100–150 
mAh 
capacity  

Original cell 
(Coin) 

CED- Cumulative energy demand, GWP- Global warming potential, HT-Human toxicity, PMF-Particulate matter formation, FE-Freshwater eutrophication, POF- Photochemical oxidant 
formation, WDP-Water depletion potential, MDP-Mineral depletion potential, POCP- Photochemical ozone formation, IR- Ionizing radiation – Human health effects, ODP-Ozone 
depletion potential, RDP-Resource depletion potential, AP-Acidification potential, ETP-Ecotoxicity potential, PSF- Photochemical smog formation, METP Marine ecotoxicity 
potential, TETP- Terrestrial ecotoxicity potential, ME- Marine eutrophication, RPE-Respiratory effects, FRS- Fossil resource scarcity, LU-Land use, MRS-Mineral resource scarcity, 
WC-Water consumption, FDP-Fossil depletion potential.   

P. Mandade et al.                                                                                                                                                                                                                               



Chemical Engineering Journal Advances 13 (2023) 100439

8

Dai (2015) have carried out a comparative cradle to gate based LCA of 
laminated lithium ion and vacuum vapor-deposited thin film SSBs. The 
focus of the assessment was to analyze major impacts for a passenger 
battery electric vehicle (BEV) to deliver 120,000 miles considering a 
ten-year duration on U.S. roadways. Three laminated and eight solid 

state chemistries using functional unit of 1 Wh of energy storage were 
compared in the study. It does not include impacts associated with 
machinery and vehicles used for transport of materials. In contrast 
machinery consumption of electricity and natural gas and freighter en-
ergy consumption of fuels for battery pack manufacturing and assembly 

Table 2 
Details of the data sources for the electrolyte and battery cell used in the previous LCA studies.  

Reference Type of 
Electrolyte 

Data type Data sources 
Electrolyte 

Development 
status 

Type of 
modeling 

Sources Data 
availability 

Comments 

Lastoskie and Dai (2015)  Ceramic 
inorganic 
electrolyte 
LiPON 

Primary (modelled 
using Battery 
Design Studio) and 
(Wang and Sastry, 
2014). 

Schaefer et al., 
(2012)[78]  

Low TRL 
Lab Scale 

Bottom 
up  

Eco 
invent 
database  

Most LCI data 
is available 
But not able 
to use for 
recalculation 

LiPON based SSBs 
have very low ionic 
conductivity. Only 
suitable for micro 
batteries for e.g., 
medical devices  

Keshavarzmohammadian 
et al. (2018) 

Li2S and P2S5 as 
the sulfide 
based solid 
electrolyte 

Primary 
Lab-scale 
production 
processes obtained 
from solid power 
company in 2017. 
Pyrite battery pack 
is modelled using 
the Argonne 
National 
Laboratory (ANL) 
BatPac model 
(2016) and 
Nelson et al. 
(2012) [79] 

Yersak et al., 
(2013)[80] 

Low TRL 
Lab Scale 

Bottom 
up  

US-EI 2.2 
LCI 
database 

Full LCI data 
available  

Pyrite based SSBs have 
made considerable 
progress, but there are 
still open challenges, 
especially regarding 
the lithium metal 
anode and the 
electrochemical 
stability of the sulfide 
solid electrolytes. 

Smith et al. (2021) Li7La3Zr2O12 

(LLZO) garnet- 
structured 
electrolyte 

Secondary data 
collected from Du 
et al. (2015) [81], 
Li et al. (2014)  
[82], Shi et al. 
(2018) [83], Choi 
et al. (2013) [84] 
and from 
Functional 
Materials and 
Devices Laboratory, 
University 
of Sheffield. 

Du et al. (2015)  
[81], and Li 
et al. (2014)  
[82] 

Low TRL 
Lab Scale 

Bottom 
up  

Eco 
invent 
database  

Full LCI data 
available  

Electrolyte production 
contributes major 
impacts due to the 
high temp sintering 
process during 
manufacturing. Other 
methods such as cold 
sintering needs to be 
explored to lower the 
environmental 
impacts 

Troy et al. (2016) Lithium 
lanthanum 
zirconate 
(LLZO) 
(Li7La3Zr2O12) 

Primary data for the 
lab scale 
manufactured at 
the Institute of 
Energy and Climate 
Research (IEK-1) of 
Research center 
Julich (FZJ). 

Research Center 
Julich (FZJ) 

Low TRL 
Lab Scale 

Bottom 
up  

GaBi6 
and Eco 
invent 
database  

Full LCI data 
is not 
available 

LLZO electrolyte 
production accounts 
major energy 
consumption. But the 
future technology 
development and 
scaling effect will help 
to reduce the 
environmental 
impacts. 

Vandepaer et al. (2017) Porous polymer 
electrolyte 

Primary data from 
industrial partners’ 
information and 
from previous 
studies and reports 
as well as 

LMP battery 
manufacturer 
(Industrial 
partner) 

High TRL 
Industrial 
scale 

Bottom 
up  

Eco 
invent 
3.1 

Full LCI data 
is not 
available  

Details of the polymer 
electrolyte has not 
been given in the 
article. Polymer based 
SSBs shows lower 
ionic conductivity at 
lower temperatures 
hence it faces 
operational challenge. 

Zhang et al. (2022) Inorganic 
electrolyte 
LATP 

Primary data 
Coin cell is 
produced at lab 
scale using process 
by Yoshinari et al. 
(2019) [85]. 

Lab scale 
production 
using Liu et al. 
(2017) [86] and 
Key et al. (2012) 
[87]. 

Low TRL 
Lab Scale 

Bottom 
up  

Eco 
invent 
3.1 

Full LCI data 
available  

ASSB with inorganic 
electrolyte LATP 
shows higher 
environmental impact 
but the improvement 
in energy efficiency 
with lowering the 
thickness of the 
electrolyte will help to 
reduce the 
environmental impact 
with the technological 
development.  
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using the Eco invent 2.2 standard transport distance for Europe are 
included [75]. Zhang et al. (2022) investigated within a cradle to gate 
assessment of all SSLB cell using Li1.3Al0.3Ti1.7(PO4)3 (LATP) inorganic 
solid electrolyte (ISE) and compared it with a lithium-ion coin cell. The 
assessment aims to identify the environmental hotspots over the 
different life cycle stages and includes all the processing steps for the 
fabrication of coin cells [76]. Recently, Larrabide, et al. (2022) analyzed 
the environmental impact of solid polymer electrolytes for SSLB. This 
study compared cradle to gate environmental impacts for six different 
solid polymer electrolytes on a pilot scale production level. This study 
provides useful insights for the technology developer for the selection of 
suitable solid electrolytes at an early stage of the development out of an 
environmental perspective. The life cycle inventory data for these 
polymer electrolyte production will be helpful for the further investi-
gation in LCA studies for the different combinations of emerging SSBs 
[77]. 

Overall, the environmental impacts of the six reviewed studies are 
expressed in terms of different functional units that make it difficult to 
compare the results. Also, along with that, the system boundaries, 
different types of assessed battery chemistries pose a challenge 
regarding comparability. 

3.5. Sources of inventory data 

An overview of inventory data and details such as development 
status, data availability, type of modeling (bottom-up vs. top-down) and 
type of electrolyte are provided in Table 2. The magnitude of the studies 
does not provide the complete inventory data. Hence, finding reliable 
and accurate data for emerging battery technologies is a difficult task. 

Vandepaer et al. (2017) compares the performance of Li-ion and 
Lithium metal polymer stationary batteries (LMP). Here lithium iron 
phosphate (LFP) is used as a cathode with graphite as anode in LIBs, and 
a new polymer-based electrolyte is used in lithium metal battery. Eco 
invent 3.1 was used as the source of background LCI data. The data for 
the battery periphery, such as battery container, maintenance, moni-
toring of the system along with the LFP cathode chemistry for the battery 
were obtained from the literature. LMP primary data was provided by a 
battery manufacturer and details regarding that are not provided in the 
study [74]. Keshavarzmohammadian et al. (2018) used primary in-
ventory data for a solid electrolyte on a lab scale level production from 
Yersak et al. (2013) [80].Here, a prospective LCA has been carried out 
using a process-based attributional approach due to the low TRL of SSB. 
The data for the energy demand of module and pack assembly was taken 
from Nelson et al. (2012) [79]. Battery production process data for the 
assessment is taken from laboratory data, U.S. patents, literature data 
and US-EI 2.2 database for the life cycle inventory of the materials and 
energy required for the battery along with the assembly processes [3]. 

Another study carried out by Lastoskie, and Dai (2015) analyzed 
three different cathode active materials for laminated cells while for the 
solid-state cells eight cathode layer chemistries were considered. Battery 
design studio was used to generate the material composition of the 
single lithium-ion cell while SSB cell design data was provided by the 
private company Sakti3 (subsidiary of Dyson). Most of the inventories 
were constructed using the precursors for the electrolyte and electrodes 
assumed. The data for this was taken for the precursors by reported 
synthesis methods from various literature studies. For the SSBs (LiPON) 
lithium phosphorus oxynitrite was used as the glass-ceramic electrolyte 
with the lithium anode. Data for the solid electrolyte was taken from 
Schaefer et al. (2012). SSB energy density of the cathode layer was 
assumed to be double compared to the same cathode material in a 
laminated cell [78]. 

Along with LIPON solid electrolyte, lithium lanthanum zirconate 
(LLZ) electrolyte was also considered as most promising candidate for 
SSB technology applications in Troy et al. (2016). Here the authors 
developed an SSB pouch cell using lithium metal as anode, a LiCoO2/ 
Li7La3Zr2O12 (LCO/LLZ) mix-cathode, separated by a Li7La3Zr2O12 

(LLZ) electrolyte at their own facility at the Institute of Energy and 
Climate Research (IEK-1) of the Research Center Jülich (FZJ), for a 
laboratory scale process. Details of the inventory data for the pouch cell 
including the solid electrolyte LLZ were not provided in the publication. 
Specific energy for the batteries mentioned in the Troy et al. (2016) is in 
a range of 26–87 Wh/kg that is due to scale of the operation. Energy 
density of the cell at laboratory scale is estimated to be 26 Wh/kg while 
assuming industrial scale production scenario with optimized pack-
aging, the energy density of the cell is estimated to be 87 Wh/kg [73]. 
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) garnet structured solid electrolyte was 
used for SSB and compared with a LiB by Smith et al. (2021). The LCI of 
the LiB was modelled via the ANL BatPac model while that of the SSB 
was derived from both literature studies, on-going Li-ion projects at the 
Functional Materials and Devices Laboratory, Materials Science and 
Engineering, University of Sheffield. LFP battery chemistry has been 
used for both types of batteries [67]. Zhang et al. (2022) used 
Li1.3Al0.3Ti1.7(PO4)3 (LATP) inorganic solid electrolyte (ISE) to produce 
a coin cell and the synthesis of LATP based on Key et al. (2012). The 
study considered a lithium nickel manganese cobalt oxide (NMC) cath-
ode, LATP as solid electrolyte, and a metallic lithium foil as anode. The 
fabrication of the coin cell is based on their experimental data using 
direct measurements. Inventory details for the coin cells are available in 
the supporting information of the article [76]. 

Overall, for some of the available studies, inventory data, including 
all relevant downstream and upstream processes are available. Along 
with that existing lab-scale cells have been used whilst some studies 
modelled the cells with assumptions regarding the performance as well 
as the energy density. As mentioned before, SSB are still in the devel-
oping phase, so high uncertainties regarding their technical perfor-
mance have to be taken into account. Also, results are sensitive to 
different input material/processes. Hence it becomes necessary to 
conduct uncertainty analysis to account the variation in the inventory 
data. 

3.6. LCA results from existings studies on solid state batteries 

As stated before, the results provided in the analysed studies are very 
dependent on many factors, such as the energy demand and material 
supply for manufacturing. Additionally, most of the data come from a 
lab scale with high uncertainties, including the use of chemicals and 
other materials that can potentially impact the LCA results [88]. Impact 
of the other key assumptions such as battery performance, efficiency, 
energy density, calendrical and cycle life have considerable impact on 
LCA results. For some of the studies detailed inventory data is also not 
available, making it difficult to compare manufacturing energy and 
material demand for SSB. Most significantly, the use of multiple func-
tional units for the comparative assessments along with the use of 
different impact assessment methodology creates differences in the LCA 
results. Some of the common impact indictors such as global warming 
potential (GWP) and cumulative energy demand (CED) can be compared 
but the normalization of the results needs to be carried out using a 
similar functional unit. All of the reviewed studies use different impact 
assessment methods, with global warming potential being the most used 
indicator. Consequently, it is used here for the sake of comparability. In 
line with this different functional units of each study were normalized 
using a reverse engineering approach. Fig 3. shows the comparative 
global warming potential impacts for the existing LCA studies on SSB 
available in the literature. But with the availability of more LCA studies 
on SSBs future assessments should provide a comparison of other cate-
gories such as human toxicity and other relevant impact categories. 

The GWP impacts for these studies were normalized using a func-
tional unit of 1 Wh of energy storage capacity to allow some degree of 
consistent comparison. Error bar stands for the different alternatives 
analysed in the different available LCA studies on SSBs. Lastoskie and 
Dai (2015) calculated a GWP 0.03–0.058 kg of CO2 equivalents per Wh 
storage of energy for different SSB chemistries in a cylindrical format. 
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The ReCiPe methodology was used for the impact assessment. 
Troy et al. (2015) calculated a GWP of 0.2–5.4 kg of CO2 eq. to 

produce a SSB pouch cell with 43.75mAh capacity using International 
Reference Life Cycle Data System (ILCD) for impact assessment. Here 
different scales from laboratory production to potential industrial scale 
production with the assumptions in potential improvement in the pro-
cess have been considered which are shown in error bar in the Fig. 3. 
Vandepaer et al. (2017) showed GWP of 20.5–25.6 kg of CO2 equivalent 
for the stationary application of a limital polymer battery with a ca-
pacity of 6 MWh and 75 kWh. The authors used the impact assessment 
method IMPACT 2002+ and used 14 midpoint categories and four 
endpoint categories for the assessment. Other studies for the inorganic 
solid-state batteries illustrated the life cycle impact for GWP of 0.103 gm 
of CO2 eq./km for coin cell by Zhang et al. (2022) and 79.11 kg of CO2/ 
kg of SSB production by Smith et al. (2021). 

As mentioned before, the comparison between different LCA studies 
for SSB technologies becomes difficult due to the differences related to 
the functional unit, boundary of assessment, impact assessment meth-
odology etc. Overall LCA results for emerging SSBs are very sensitive to 
the various factors such as the type of electrolyte, scale of the operation/ 
processing, their technology readiness level and performance in the 
battery system. Current solid-state batteries are still in the develop-
mental phase showing life cycle GWP in the range 0.1–18 kg of CO2/Wh 
(Fig. 3) which are higher comparing with the conventional lithium-ion 
batteries 0.025–0.35 kg of CO2/Wh [1]. More recent literature as Pe-
ters et al. (2021) analyzed the life cycle environmental impacts of so-
dium ion batteries and showed global warming potential impacts from 
0.05 to 0.09 kg of CO2/Wh of cell storage capacity for the different cell 
chemistries [14]. Deng et al. (2017) evaluated life cycle global warming 
potential impacts for lithium sulfur batteries, which are 0.17 kg of 
CO2/Wh of cell energy storage. In relation to that emerging solid-state 
batteries have comparatively higher environmental impacts due to low 
TRL stages comparing with the existing batteries [89]. 

4. Discussion 

The literature review revealed that there are only six publications on 
LCAs of solid-state battery technologies available that provide sufficient 
in-depth analysis. This section discusses the discrepancies in compara-
tive assessment of LCA studies of emerging SSB technologies and pro-
poses the unification methodology for LCA to address these 
discrepancies for a fair comparative assessment. 

4.1. Identification of discrepancies involved in existing LCA studies 

It has been observed that the comparison of different LCA studies on 
SSBs and corresponding results becomes difficult, due to (i) the het-
erogeneity observed in the goal and scope and resulting functional unit, 
(ii) boundary of assessment as well as different battery chemistries 
adopted in the studies, (iii) source of life cycle inventories and life cycle 
impact analysis methods and finally (iv) the level of details in modeling. 

The heterogeneity (i) or non-uniformness between available studies 
at the different stages in turn shows inconsistencies in the LCA results. 
Naturally, goals and scope of the available LCA studies on SSBs shows 
differences, which is not avoidable in the field of LCA. Each study uses 
distinctive chemistries, considering different applications and conse-
quently different functional units. Vandepaer et al. (2017) for example 
focuses on stationary energy storage for distributed and centralized 
cases while other studies focus on the SSBs potential application for 
mobility purposes. Regarding the system boundaries (ii) Lastoskie and 
Dai (2015) considers the battery production along with the use phase for 
modelled cells with different battery chemistries such as LCO, LMO, 
NCM, NCA, LNMO etc. and Vandepaer et al. (2017) also considers the 
production and use phase of the battery production for the different 
energy storage applications for lithium metal polymer batteries. While 
for other studies such as Troy et al. (2016), Keshavarzmohammadian 
et al. (2018) Smith et al. (2021) considers the battery production phase 
only for the LCO-Li metal, sulfur based solid state lithium pyrite battery 
and LFP-Li metal battery chemistries. 

Regarding iii) some of the studies provide complete original in-
ventory data while few studies provide only partial data due to confi-
dentially perspectives. Consistent recompilation of these inventory 
datasets with needed reasonable assumptions will reduce the discrep-
ancies in the assessment. Additionally, the scale of battery production 
and applied impact assessment methodology makes comparability even 
more challenging. Troy et al. (2016) uses ILCD method, Lastoskie and 
Dai (2015) uses ReCiPe Midpoint (H) v1.13 and cumulative energy de-
mand and Vandepaer et al. (2017) uses IMPACT 2002+ and TRACI 
method as indicated in Table 1. 

The modeling (iv) of some of the key components for the battery 
technologies is carried out differently in the available LCA studies. 
Different assumptions made at different stages will have a large impact 
as solid-state battery technology is still immature. Comparison of these 
LCA studies on solid state batteries is possible by addressing the above- 
mentioned issues. Furthermore, uncertainties regarding the issues such 
as energy density, cycle life, calendrical cycle, its potential application 
etc. also impact LCA results. These are the main hurdles for a meaningful 
comparison of the results between the studies. 

Overall, the SSB inventory datasets provided by the studies of are not 
sufficient to reproduce results. Therefore more research on LCA of SSBs 
is needed for a more generalised environmental impact of SSB categories 
using e.g. parametric approaches as in the case of by Peters et al. (2021) 
for sodium ion batteries under a full life cycle perspective using a cell- 
chemistry specific modeling approach [14]. In line with this, also 
detailed LCI as well model descriptions should accordingly be made 
available. 

4.2. Suggested future solution and challenges for LCA comparison 

Comparative assessment of emerging technologies faces several 
challenges. One of the major limitations for carrying out LCA is the lack 
of robust and detailed inventory data and uncertainties associated with 
it. It is thus utmost important to have collaboration with technology 
developers especially for emerging technologies such as SSB. Many 
times, it is difficult to get the primary inventory data due to confiden-
tiality or simply the absence of the same. Another aspect is the tech-
nology readiness level of emerging SSB, which increases the uncertainty 
of the inventory data due to the absence of any performance data of the 
developing technology. Comparative assessment of the existing LCA 

Fig. 3. Comparative life cycle global warming impact for the available LCA 
studies on solid state batteries. 
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studies on SSBs using a consistent basis is required for the further 
improvement in the research from the environmental perspective [39]. 
With the consideration of identified discrepancies, a common base is 
needed to improve the comparability by simplifying the assumptions or 
inventory in the different studies in a general way as shown in Fig. 4. 

Fig. 4 explains the detailed procedure to unification methodology for 
the comparative assessment of emerging technologies like solid state 
batteries. Firstly, the goal and scope for all the available LCA studies are 
defined with the consistent functional unit. After that a unification of 
inventories is done at different levels. To do so life cycle inventories have 
to be Inventories are recompiled and be used as a common base and 
implemented in the further assessment. The corresponding uncertainty 
with the original LCI must be considered. As different battery chemis-
tries are being used with different types of solid electrolytes for the 
emerging SSB technologies, the recognition of maximum number of 
common parts and the differences must be considered for the compar-
ative assessment of the available studies. Regarding the source of energy 
supply and energy demand for production of battery cell the average 
value should be calculated from all studies. Along with those major 
differences between battery chemistries and production technologies 
has also to be considered for making fair comparison [2]. 

Electricity mix varies for the different LCA case studies and thus the 
associated impacts associated with it also varies accordingly. From the 
available LCA studies on emerging technologies such as manufacturing 
of solid-state batteries, it is important to have consistent electricity 
mixes used for the fair comparison of the emerging technologies. 
However, batteries are being manufactured in different countries, with a 
specific electricity mix. Consequently, to improve the comparability, the 

same electricity mix has to be used. For e.g., Schmidt et al. (2019) 
estimated the life cycle GHG emissions for the stationary energy storage 
using battery technologies and also discussed the associated differences 
in life cycle GHG emissions due to different locations for different 
countries [90]. Montenegro et al. (2021) demonstrated the effect of the 
electricity mix on the environmental impacts associated with magne-
sium battery production for different countries [91]. Then the quality of 
results can be improved to represent the regional or local electricity mix. 
Unified inventories can also be used for all battery chemistries by 
generating detailed disaggregated inventory data representing the 
actual market mix while maintaining comparability. With the unified 
inventory from all the studies such as battery management system (BMS) 
and pack housing the battery mass changes, and this affects the battery 
energy density and thus the results per kWh of energy storage capacity. 
But the impact with the unified energy density and the original density 
can be compared to check the discrepancy in the results. The modeling 
of the recompiled LCI is done by using the same LCA software and in-
ventory database to avoid the inconsistency associated with the original 
LCI for different studies [2]. 

Prospective life cycle assessments for emerging battery technologies 
have by nature uncertainties due to assumptions at various life cycle 
stages compared to the LCAs for established products or processes. But it 
provides guidance for sustainable design and upscaling before the po-
tential commercialization of a SSB. The results are bound to assump-
tions, uncertainties and assumptions so the sensitivity analysis with key 
input assumptions will provide the broader picture of the technology or 
processes. 

Currently the SSBS are at very early technology development stage, 

Fig. 4. Framework for unification methodology for the comparative assessment of emerging technology.  
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where not much of the data is available for the post processing such as 
recycling (end of life phase) of materials. Consequently, there is also no 
detailed description available in literature. Only with the availability of 
such data it would be possible to analyze and compare the end of life 
phases of the batteries 

5. Conclusions 

SSBs are considered as one of the most promising future battery 
technologies. Still, there are several technological constraints for the 
utilization of SSBs for commercial mobility as well as stationary energy 
storage applications that have to be addressed within further research. 
The presented review focuses on technical aspects and the critical 
assessment of the existing LCA studies on solid state batteries. SSBs are 
at a very early stage of development, with active research and ongoing 
proof of concepts on the laboratory scale from TRL 4–7. 

The comparisons of LCA results of different studies are difficult and 
should not be executed without addressing discrepancies regarding 
diverse system boundaries, functional units, background data, and 
impact methodologies. Therefore, the described unification methodol-
ogy is proposed for a comparison of different LCA studies on a consistent 
basis, although this is not possible due the limited data availability so 
far. The proposed methodology for the evaluation of environmental 
hotspots for emerging SSBs can be potentially applied for existing LCA 
studies, if detailed LCIs are available using the present unification 
approach. This would help to compare the different available LCAs for 
SSBs on a consistent basis. In general, the prospective sustainability 
assessment of emerging technologies as SBB is considered as highly 
important to support early stages of the technology development and 
design. 
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