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of approximately 45–100 Wh, electric 
vehicles (EVs) require a capacity of up to  
85 kWh and LiBs on the grid have mega-
watt capacities.[3] Despite their advantages 
and extensive uptake, LiBs suffer from 
state of health reduction caused by the con-
tinuous charging and discharging cycles, 
resulting in dissolution of the electrolyte 
that releases a flammable liquid which 
can readily ignite.[4,5] Health and safety 
concerns have prompted the development 
of new battery technologies that possess 
equal or superior operational characteris-
tics. Furthermore, extensive research and 
technological development are underway 
with respect to sustainability, performance 
safety, durability, and cost.[6]

One optimistic line of investigation 
relates to solid-state battery (SSB) tech-
nologies where the liquid electrolyte of the 

LiB is replaced with a solid alternative, resulting in a reduced 
risk to health and safety.[7] Additionally, this technology has a 
higher storage capacity, undergoes reduced operational stress 
(leading to longer life cycles), operates across a broader tem-
perature range and has reduced susceptibility to shock and 
vibration.[4] Research in this area has increased with the aim of 
implementing SSBs in EVs by 2025.[8]

This study compares the environmental impacts of a lithium-ion battery (LiB), 

utilizing a lithium iron phosphate cathode, with a solid-state battery (SSB) 

based on a Li6.4La3Zr1.4Ta0.6O12 garnet-structured electrolyte. It uses a hybrid 

life cycle assessment (LCA), according to two functional units, delivery of 

50 MJ of electrical energy and kg of battery, to expand the system boundary. 

The results of the process LCA indicate that the environmental impact of LiBs 

is lower than SSBs across most environmental impact categories. Conversely, 

the input–output upstream global warming potential (GWP) of the LiBs, 

calculated by hybrid LCA, is higher than that of the SSBs. Sensitivity analysis 

shows that the SSB cycle life must increase from 100 to 2800 to achieve a 

GWP impact lower than that of LiBs and therefore outperform LiBs in this 

environmental impact category. The study, therefore, demonstrates that 

research into SSBs must be accelerated to achieve a functional and safe bat-

tery technology with a reduced impact on the environment.

1. Introduction

Electrochemical energy storage (EES) using battery technolo-
gies is ideal thanks to rapid response times, system stability, 
high efficiency, and low losses.[1,2] Lithium-ion batteries (LiBs) 
are deployed in a range of applications, from small, portable 
devices to storage on the grid. A laptop battery has a capacity 
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Life cycle assessment (LCA), a structured framework used to 
estimate the impact of a product or service on the environment, 
has been in use for many years[9] and has been used extensively for 
the determination of the environmental impacts of batteries and 
other EES systems.[10–14] Hybrid (H)LCA is an adaptation of the 
original LCA methodology which expands the system boundary 
by integrating both the process-based LCA and environmental 
input–output (EIO) LCA methodologies. This is a well-established 
process and is especially useful in highlighting environmental hot-
spots of emerging technologies prior to commercialisation.[15,16]

The aim of this study is to compare the environmental impacts 
of a LiB and an SSB, based on a Li6.4La3Zr1.4Ta0.6O12 (LLZTO) 
garnet structured electrolyte, to determine if the safety improve-
ments associated with SSB technologies is mirrored in their envi-
ronmental impacts. Previous research[17] has shown that it is the 
material manufacturing phase of the battery life cycle that has a 
higher environmental and energy impact when compared to battery 
assembly; therefore, assessment of the environmental impacts of 
the LLZTO material structure is of paramount importance to deci-
sion-makers. The novelty of this work is two-fold; this is the first 
comparative assessment of the environmental impacts of a LiB and 
an SSB containing an electrolyte of LLZTO and as such is the first 
to report new cradle-to-gate environmental impacts for an LLZTO 
based SSB. This structure was chosen for consideration due to its 
stability alongside lithium metal and high current cycling.[18] Fur-
thermore, its reliance on critical materials within the cathode struc-
ture is important with respect to their future sustainability. Second, 
although the LCA methodology has been extensively applied to 
battery technologies and while this manuscript does not aim to 
develop this process further, it is the first study to employ the HLCA 
in a comparative manner to both LiBs and SSBs, thereby expanding 
the system boundary to avoid truncation errors and provide a more 
transparent and robust result than process LCA alone.[19]

LiBs are fully commercialised, while the SSB technologies are 
at a low technology readiness level, and therefore caution must 
be taken when comparing their environmental impacts. This is 
due to the unrepresentative nature of the laboratory process when 
compared with up-scaled industrial processes.[5] Despite this, sig-
nificant research into laboratory-based product development has 
shown that the application of HLCA at this stage is key to ensuring 
that environmental impacts are reduced throughout a supply 
chain.[19] To ensure that the early intervention for environmental 
impact mitigation of SSBs is representative, data is sourced from 
published literature and sensitivity analysis is performed.[20]

This comprehensive, comparative HLCA provides stake-
holders with robust data to allow informed decisions to be 
made with respect to the further development of SSBs along-
side LiBs for future battery architectures. As a whole, this data, 
the comprehensive discussion of the underlying issues that 
accompany it and the discussion surrounding the implica-
tions of processing and material selection offer understanding 
relating to the future of lithium-based battery technologies.

2. Current State-of-the-Art

2.1. LiBs vs. SSBs

All batteries consist of an anode (positive electrode) and a 
cathode (negative electrode), separated by a solid or liquid 

electrolyte. The purpose of the electrolyte is to conduct the 
ions produced by the chemical reaction between the anode and 
cathode forcing work to be done through the external circuit. 
Batteries also contain at least one interconnected electrochem-
ical cell. Each cell provides a current at a given voltage over time 
(∆t) to depletion. ∆t to depletion and output can be increased by 
increasing either the size of the electrode or the number of par-
allel connecting cells.[21]

LiBs have dominated the portable battery market for 
many years, replacing nickel–metal hydride batteries, which 
has reduced the use of rare earth oxides but has had a nega-
tive effect on the consumption of lithium, manganese, and 
cobalt.[22] The structure of LiBs consists of a positive electrode, 
usually LiFePO4, on an aluminium substrate and a graphite 
negative electrode on a copper substrate, separated by a liquid 
electrolyte of lithium hexafluorophosphate, LiPF6. A polymeric 
separator is required, along with an aluminium container and a 
battery management system.[23]

With respect to SSBs, current prospective materials for 
the anode are lithium metal, Li/V2O5 or V2O5; the solid-
state electrolyte may be constructed from LiPON, LiBO2 or a 
garnet structure, such as Li7La3Zr2O12 (LLZO). Composites 
of poly(vinylidene fluoride), PVdF, LiTFSI, Ketjen Black, and 
carbon-coated LiFePO4 have been investigated, along with 
materials such as LiMn2O4 and V2O5 as potential cathode 
materials.[4,24]

The garnet framework, LLZO, of an SSB has been shown 
to have high ionic conductivity (approx. 2 × 10−4 S cm−1) at 
room temperature and good thermal and chemical stability. 
The incorporation of Al, Nb, or Ta into the structure reduces 
the likelihood of the formation of the tetragonal phase which 
has lower ionic conductivity than the cubic phase. High den-
sity, with large grains, is required to optimise electrolyte 
performance but conventionally sintered LLZO provides both 
insufficient density and ionic conductivity. 96–98% densities 
of LLZO have been achieved through hot-pressing though this 
manufacturing route does not lend itself to mass production 
and is economically unattractive.[25]

The impact of the use phase of a battery can depend on 
its application, for example, high energy densities reduce 
the amount of fuel required for EVs and therefore, the envi-
ronmental impact is reduced.[5] Though a battery does not 
contribute direct emissions to its life cycle impact, indirect 
emissions can arise from energy conversion loss, the energy 
required to support the weight of the battery and the carbon 
intensity of the electricity used to charge the battery.[26]

A battery’s end of life (EOL) is reached at approximately 
70–80% of its original energy capacity.[27] If there are no signs 
of leakage, internal short circuits or high internal impedance 
at this stage, reuse is a viable waste management strategy. 
Reuse necessitates battery disassembly (and subsequent 
reassembly), testing, additional packaging and electrical 
hardware.[28]

Bernardes et  al.[29] report four disposal routes for batteries; 
landfill, stabilisation, incineration, and recycling. If household 
batteries are disposed of in municipal household waste, they 
may be sent to landfill. Stabilisation aims to treat batteries to 
prevent the leaching of metals into the environment prior to 
landfilling but this is a costly process. The incineration of bat-
teries may take place as an alternative to landfilling through 
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this process leads to the emissions of halogen, mercury, lead, 
and dioxins to the environment.[29] Hydrometallurgical and 
pyrometallurgical recycling processes allow metals to be recov-
ered from batteries. The pyrometallurgical process involves 
incineration, smelting, drossing, sintering, melting, and high-
temperature reactions in the gas phase. The process results in 
waste gases and flue dusts which contain halogens leading to 
potential human health issues. The human toxicity potential 
of the hydrometallurgy recovery process is lower than that of 
the pyrometallurgical recovery process, but the required solu-
tions for the hydrometallurgical process are toxic and corrosive. 
Furthermore, recycling LiBs by pyrometallurgy and hydromet-
allurgy leads to the production if an untreatable residue which 
must be landfilled.[30]

2.2. LCAs of Batteries

An abundance of published LiB LCA studies is available, while, 
due to the infancy of the technology, published LCAs of SSBs 
are limited in number. A review of relevant studies is provided 
here. Ellingsen et  al.[31] assessed the LCA of LiBs and found 
vast disparity in the results. For the production phase alone, 
the lowest result published was 38 kg CO2 kWh−1 compared to 
the highest result of 356 kg CO2 kWh−1. The main source of 
this variance is from the reported energy requirements in the 
cell manufacture and battery assembly. The group report that, 
due to the guarded nature of this industry, primary data is hard 
to come by and consequently published work uses a mixture 
of estimates, industry reports, previous studies, and primary 
data for the life cycle inventory (LCI).[31] A variation in the type 
and amount of material required for production was also high-
lighted by Ellingsen et  al.[31] While most authors agree a sim-
ilar requirement of material for graphite anodes the amount 
of cathode material reported by Majeau-Bettez et  al.[23] leads 
to a much high final result. It was also shown that the type of 
binder used in cathode production can have an adverse impact 
on the final result.

With respect to the LCA of SBBs, the use of an LCO.LLZ 
cathode with an LLZ solid-state electrolyte has been investi-
gated by Troy et al.[5] to determine the environmental impacts of 
a pouch bag housed SSB produced in a laboratory. Overall, the 
on-site electrical energy requirements were found to account 
for almost 99% of the global warming potential (GWP) (kg 
CO2-eq) impact in this study, and with respect to the manufac-
turing process, the electrolyte followed by cathode production 
provided the highest contribution to the GWP impact category. 
This data was then modified to determine the impacts of pro-
duction in an idealised laboratory and an industrial process. 
For the idealised laboratory result, efficiency enhancements 
for each processing step were assumed and for the industrial 
manufacturing process, assumptions are made on energy use, 
a reduced material input and release of solvents. With respect 
to the industrial manufacturing steps, assumptions are made 
based on the energy efficiency, reduced release of solvents and 
material input.[5]

Lastoskie and Dai[32] compare the environmental impacts of 
two SSB manufacturing processes; lamination and thin-film 
vacuum vapour deposition. Specifically, for the laminating 

process, various cathode materials such as lithium cobalt oxide 
and lithium manganese oxide were studied in conjunction with 
graphite anodes. With respect to the thin-film vacuum deposi-
tion process, these materials and additional alternatives such as 
lithium vanadium oxide and silver vanadium oxide were also 
investigated. Lithium vanadium oxide SSBs had the lowest 
environmental impact across eight mid-point environmental 
impact categories.[32] Keshavarzmohammadian et al.[33] studied 
the environmental impacts of sulphur-based solid-state lithium 
batteries for use in EVs, which solve the safety and techno-
logical challenges relating to liquid electrolyte alternatives.[34] 
Their results attribute the highest environmental impact of the 
system on the different assembly processes required. Overall, 
the operation of the clean dry-room, which is required for pyrite 
battery manufacturing, contributes to 73% of the GWP.[33]

The inclusion of the battery use phase differs from study 
to study. For example, Zackrisson et  al.[26] studied the impact 
of battery use in an EV modelled as the loss of electricity as a 
function of battery lifetime plus the additional fuel required to 
carry the battery during service.[26] Other strategies include that 
implemented by Majeau-Bettez et al.[23] who estimated the elec-
trical energy waste caused by the internal resistance of a bat-
tery,[23] while Hendrickson et  al.[35] deemed the environmental 
impacts of the use phase of EVs to be the same, irrespective of 
the EOL management scenario and therefore omitted this phase 
from their study. Similarly, Raugei and Winfield[36] omitted the 
use phase of the battery from their system boundary as it was 
not deemed relevant to the goal and scope of the study.[36] These 
differences in the applied scope of any LCA may lead to high 
variations in the final results and therefore care must be taken 
in their comparisons.[35]

Hendrickson et  al.[35] employ the functional unit, per kg of 
battery to present the embodied energy results of LiMn2O4, 
LiFePO4 (LFP), and LiNi0.4Mn0.4Co0.2O2 batteries.[35] Similarly, 
Dunn et  al.[17] also made use of this functional unit in their 
study which addresses a wide range of battery material struc-
tures.[17] Majeau-Bettez et  al.[23] provide three alternative func-
tional units in their investigation into the LCA of lithium-ion 
and nickel–metal hydride batteries; battery storage, mass and 
nominal capacity. The results of each battery’s LCA changed 
dramatically based on the functional unit. For example, the 
GWP of a nickel–metal hydride battery per kg provides the 
lowest result of the three battery types compared but when 
the functional unit is changed to energy storage or capacity 
the result is the highest of the three analysed, due to the lower 
energy density of this type of battery. By implementing three 
functional units, this research provides improved usability and 
easier comparison with previous research.[23]

LCAs of other battery technologies are available such as 
nickel–metal hydride batteries, nickel-cobalt-manganese oxide 
batteries, lithium manganese oxide, lead–acid batteries and 
sodium-ion batteries.[17,23,35,37,38] From an environmental per-
spective, the toxicity of lead is well known and the mining of 
nickel has led to local historical environmental implications 
such as acidification, heavy metal contamination, and a reduc-
tion in biodiversity.[39] As a conflict mineral, the use of cobalt 
in battery technologies can have a severe impact on local social 
issues. In the Democratic Republic of Congo, these issues 
include cobalt found in blood and urine and damage to DNA.[40] 
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From an economic perspective, lithium, nickel, cobalt, man-
ganese, zinc, and rare earth elements (REEs) are classed as 
 economically strategic materials and therefore, LiB may be pref-
erentially recycled over sodium-ion or lead–acid technologies.[41]

This array of research into the environmental impacts of dif-
ferent battery technologies provides a plethora of data, therefore 
the results provided in this manuscript aim to support previous 
findings whilst expanding the knowledge of the environmental 
impacts of SSBs in comparison to LiBs.

3. Methodology

This LCA was performed according to the requirements of BS 
EN ISO 14040:2006, Environmental management- LCA- Princi-
ples and framework the results.[9] The LCA procedure is widely 
published and requires the completion of four processes; defi-
nition of the goal and scope; inventory analysis; impact assess-
ment and interpretation.[9] Each of these procedures is outlined 
below.

3.1. Goal and Scope Definition

The aim of this investigation is to determine the environmental 
impacts of a single LiB cell and a single SSB cell, using the 
HLCA methodology, according to the system boundary shown 
in Figure  1. The functional unit, which provides a reference 
point during the data collection process, has a significant influ-
ence on the LCA results and should be chosen as an accurate 
representation of the properties of the system under investiga-
tion.[19,42] As batteries have different efficiencies during the use 
phase, a functional unit based on the mass of the battery my 

not always be relevant[43] and therefore, in this study, two func-
tional units are applied, the environmental impact of 1) delivery 
of 50 MJ of electrical energy to the device and 2) kg of battery. 
The use of two functional units in this study allows the results 
to be compared with other studies more easily.[17,23,35] Despite 
this, direct comparison must be used with caution depending 
on the life cycle impact assessment (LCIA) methodology 
employed by each study.

The energy density of the LiB was given as 99.59 Wh kg−1[44] 
with a prediction of 2500 cycles[45] and that of the SSB was 
given as 314 Wh kg−1[18] at 100 cycles,[24] therefore at 80% depth-
of-discharge (DoD) the lifetime specific energy capacities were 
calculated as 718 MJ kg−1 for the LiB and 90.4 MJ kg−1 for the 
SSB.

A cradle-to-gate approach was implemented for this study, 
as shown in Figure  1. The use phase was omitted as the aim 
of the research is to determine the environmental impact of 
the SSB in comparison to the LiB at the battery cell stage.[36] 
As the EOL management of SSB is as yet unknown, this phase 
of the two battery life cycles was also omitted from the system 
boundary. Previous work by the authors has evaluated the EOL 
management of capacitors using the Ecoinvent dataset for the 
treatment of LiBs as a proxy measure. These results show that 
EOL management by incineration leads to the highest GWP 
impact when compared to hydrometallurgical or pyrometallur-
gical processes.[15]

3.2. Inventory Analysis

LCIA requires the inputs, outputs, and environmental impacts 
of the product under scrutiny to be gathered.[9] Due to the lack 
of primary industry data, the LCI of the LiB was provided by[44] 

Figure 1. System boundary applied to the comparative hybrid LCA of a LiB cell and a SSB cell, from cradle-to-gate incorporating raw materials and 
energy inputs, primary material production and the manufacturing process.
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while that of the SSB was derived from both literature[24,25,46,47] 
and on-going Li-ion projects at the Functional Materials and 
Devices Laboratory, Materials Science and Engineering, Univer-
sity of Sheffield. A full outline of each battery LCI is provided 
in Tables S1–S21, Supporting Information. It was assumed that 
the thermal and electrical energy requirements of each battery 
type were equal (using published data)[44] except in the produc-
tion of the SSB electrolyte, for which the thermal and electrical 
energy requirements were calculated separately (as shown in 
Table S22, Supporting Information) to account for the high 
energy requirements of ceramic processing.[24,25,46,47] Finally, 
published data was also used to account for the transportation 
and infrastructure requirements.[44]

3.3. Impact Assessment

HLCA is an integration of two key LCA modelling methodolo-
gies: Process LCA and EIO.[16] The Process LCA is a bottom-
up methodology mainly used to evaluate the environmental 
impacts of products with clearly defined supply chains. The dis-
tinct inputs into the supply chain are identified (see Section 3.2) 
which allows the emission intensities relating to each input 
to be sourced and therefore the overall environmental impact 
can be discretely calculated. The Process LCA was employed 
to calculate the environmental impact using Equation  (1) by 
attributing the chosen environmental impacts categories (see 
Table 1) to each data point highlighted in the LCI.[19]

Environmental Impact
1

p p∑= ×( ) ( )

=

A E
i

n

i i  (1)

The inputs (i) into the supply chain are represented by Ap, 
according to the constraints of the system boundary provided in 
Figure 1. These inputs include the bill of quantities of data on 
the extraction of raw material, energy usage, production, trans-
portation, and infrastructure. The total number of inputs (i) 
is given by n and the emission intensity of the environmental 
impact categories (Table  1) are given by Ep for each input (i) 
into the supply chain. The final units of this calculation relate 
to the chosen environmental impact category (Ep), a selection of 
which are provided in Table 1.[19]

It has been shown that the variance in the accuracy caused 
by implementing a system boundary can be higher than 50% 

and therefore the Process LCA methodology is not capable of 
determining the environmental impacts of global and com-
plex supply chains. As such, the EIO methodology (a top-down 
methodology) utilises Multi-Regional Input–Output data, com-
bined with sector emissions intensities to calculate a broader 
result by capturing the indirect inputs into the supply chain. 
The limitations relating to this methodology include sector 
aggregation, quantity conversions and proportionality and 
homogeneity assumptions. Equation  (2) gives the calculation 
for the direct and indirect environmental impact of the supply 
chain using the EIO methodology in its simplest form.[19]

E I A y( )= −
−

· ·io

1

Direct and indirect sectoral

environmental impact
 

(2)

where Aio gives the technical coefficient IO matrix, (I) repre-
sents the identity matrix, Eio signifies the emission intensity of 
the environmental impact categories and y represents the final 
demand. The total (direct and indirect) emissions intensities 
of each industry associated with the supply chain are given as 
Eio·(I − A)−1. Again, the final units of this calculation relate to 
the chosen environmental impact category (Eio).

[19]

By integrating these two methodologies, HLCA provides a 
robust and complete system boundary that incorporates the 
whole supply chain without double counting.[19] Thus, the total 
environmental impact (direct and indirect) is calculated by the 
HLCA methodology is given in Equation (3).[48]
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where Ep relates to the process inventory environmental exten-
sion matrix, Eio corresponds to the multi-regional input–output 
environmental extension matrix for each of the chosen envi-
ronmental impact categories, Ap denotes the square matrix rep-
resentation for the process LCA inventory and Aio provides 
the input–output technology coefficient matrix. I represents 
the identity matrix, Cu gives the upstream cut-off matrix, Cd the 

downstream cut-off matrix, while y

0









  denotes the functional 

unit column matrix. The final units of this calculation relate to 

the chosen environmental impact category (Eio).
[19,48]

Table 1. List of the environmental impact categories, their corresponding units and LCIA methodologies used in this research.

Environmental impact category Abbreviation Unit LCIA Method

Global warming potential GWP100 kg CO2-eq ReCiPe Midpoint (H) v1.13

Freshwater ecotoxicity potential FETPinf kg 1,4-DCB-eq

Human toxicity potential HTPinf kg 1,4-DCB-eq

Marine ecotoxicity potential METPinf kg 1,4-DB-eq

Terrestrial ecotoxicity potential TETPinf kg 1,4-DCB-eq

Freshwater eutrophication FEP kg P-eq

Marine eutrophication MEP kg N-eq

Terrestrial acidification potential TAP100 kg SO2-eq

Cumulative energy demand CED MJ-eq Cumulative energy demand
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In the HLCA model, the element Cu in the algebra matrix 
which is the upstream cut-off matrix can only be calculated 
using the unit cost (i.e., £/kg) of the individual process inven-
tory (e.g., LiFePO4), which is already captured within the pro-
cess matrix, Ap. The unit cost is then multiplied by the input 
(i.e., the physical quantity) of the process (e.g., LiFePO4 as in 
the case of this study), yielding the total cost (£) of the process 
(i.e.,[£/kg] × [kg]) and represents the cost of LiFePO4 that is 
required to produce the battery based on the functional unit 
under consideration. The costs obtained are integrated using 
only the missing inputs from the process component of the 
HLCA, to avoid double counting. The use of cost estimates is 
essential, given that impacts via the EIO model are calculated 
on the basis of transforming financial flows to environmental 
flows.[49,50] For detailed steps for calculating the Cu matrix 
within an HLCA framework, readers are referred to Wiedmann 
et al.,[51] Suh and Huppes,[52] and Ibn-Mohammed et al.[19,53]

The Supply Chain Environmental Analysis Tool-intelligence 
(SCEnATi) whose underlying algorithm and calculation steps 
are informed by Equation  (3), was used to perform the envi-
ronmental lifecycle modelling, according to the functional unit 
of kg of battery.[48,54] The tool enables a chosen supply chain to 
be mapped and requires the following inputs: the sector from 
which the input is sourced (chosen from a dropdown list) and 
the associated classification (chosen from a dropdown list), the 
quantity of the input in line with the chosen functional unit 
(given by the LCI), the emissions intensity of the input (pro-
vided by databases such as Ecoinvent)[55] and the unit cost of 
the item.[48,54] Finally, the modeller must choose those inputs 
missing from the Process LCA to be incorporated into the 
HLCA. The missing inputs applied to the system boundary 
are given in Table S23, Supporting Information. These inputs 
ensure the balance and completeness of Equation  (3) for 
adequate implementation. Only the results for the GWP are 
provided as this result was the dominant impact when normal-
ised and compared to the other impact categories studied. The 
results are then broken down into the process emissions (as per 
the Process LCA) and the “upstream indirect emissions”; the 
indirect impacts are aggregated across 18 economic sectors. For 
this study, due to a lack of robust data, manufacturing facili-
ties were omitted from the hybrid analysis and their cost was 
assumed to be included in that of the material.

To compare the environmental impacts, this study uses the 
ReCiPe Midpoint (H) v1.13 and cumulative energy demand 
(CED) LCIA methodologies, assembled using the Ecoinvent 
database,[55] to provide the environmental impact category data 
appropriate to the scope of the study, including the impact of 
associated emissions. Where any publically available data was 
lacking, published literature was sought and guidelines were 
followed relating to the chemical characteristics or functionally 
similar materials.[56] Table 1 outlines the chosen impact catego-
ries, their units and methodologies.

4. Results and Discussion

4.1. Process LCA

This section provides analysis and detailed discussion of the 
environmental impacts of the Process LCA applied from cradle-
to-gate to for each battery type. Table  1 relates the details of 
the environmental impact categories and Table 2 outlines the 
results of the process LCA within the constraints of the two 
chosen functional units; 1) the environmental impact per 50 MJ 
of electrical energy delivered and 2) the environmental impact 
per kg of battery.

4.1.1. Material Impact

GWP calculates the change in the earth’s temperature fol-
lowing the emissions of greenhouse gases over a given 100-year 
time horizon and is measured as tonnes or kg CO2-equivalent 
(eq).[57] Based on the functional unit delivery of 50 MJ of elec-
trical energy, the GWP of the LiB is 1.60 kg CO2-eq, compared 
to 43.76 kg CO2-eq for the SSB. In terms of the functional unit 
kg battery cell, the results reveal that the GWP of the LiB is 
22.97 kg CO2-eq and that of the SSB is 79.11 kg CO2-eq. When 
this result is benchmarked against other published literature 
(given as 22 kg CO2-eq kg−1),[23] the result per kg of battery is 
very similar. The main discrepancy according to the functional 
unit for the delivery of 50 MJ of electrical energy relates to 
the assumed cycle life of the LiB. Majeau-Bettez et al.[23] use a 
cycle life of 6000 cycles to support their lithium iron phosphate 

Table 2. The environmental impact of the LiB and SSB technologies for each of the environmental impact categories listed in Table 1.

Environmental impact category Unit LiB SSB

50 MJ kg 50 MJ kg

Global warming potential kg CO2-eq 1.60 22.97 43.76 79.11

Freshwater ecotoxicity potential kg 1,4-DCB-eq 0.39 5.67 0.98 1.77

Human toxicity potential kg 1,4-DCB-eq 2.98 42.76 17.09 30.89

Marine ecotoxicity potential kg 1,4-DB-eq 0.35 5.08 0.86 1.56

Terrestrial ecotoxicity potential kg 1,4-DCB-eq 4.88E-04 7.00E-03 5.37E-03 9.70E-03

Freshwater eutrophication kg P-eq 1.37E-03 0.02 0.02 0.04

Marine eutrophication kg N-eq 5.30E-03 7.61E-03 1.00E-02 1.81E-02

Terrestrial acidification potential kg SO2-eq 0.01 0.17 0.18 0.32

Cumulative energy demand MJ-eq 28.46 408.69 698.45 1262.79
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 battery, while this research uses a cycle life of 2500 cycles[45] as 
this provides a more up to date reference. In line with the avail-
ability of other published results, the individual impact of the 
cathode material can be benchmarked. In this case, the results 
of this study give the GWP impact of the LFP LiB cathode mate-
rial as 12.65 kg CO2-eq kg−1, compared to only 3 kg CO2-eq kg−1 
given by Dunn et al.[17] These differences may be attributed to 
differences in the scope of the study, battery specification or 
other supply chain inputs.[35] In the absence of benchmarking 
data for the SSB, and therefore comparing it to the LiB, it is 
clear that at this early stage of development of the SSB the 
GWP impact far outweighs that of the commercialised LiB.

The FETPinft, HTPinf, METPinft, and TETPinft relate to the 
toxicity impact of these materials and measure the emissions 
of 1,4-Dicholorobenzene equivalent to freshwater, urban air, 
seawater, and industrial soil respectively.[58] The results of this 
study show that the HTPinf for the LiB is 42.76 kg 1,4-DCB-eq 
per kg compared to 66 kg 1,4-DCB-eq per kg, provided by pre-
viously published results.[23] Comparatively, the results of the 
FETPinft, METPinft, and TETPinft environmental impact cat-
egories are much higher in this study than in previously pub-
lished research.[23] These toxicity impacts can be attributed to 
the use of copper in the anode current collector. With respect 
to the human toxicity of copper, low doses of copper in humans 
can lead to deficiencies, but high doses can lead to adverse 
effects, for example, liver toxicity.[59] Furthermore, research has 
reported increased levels of arsenic in the urine of those living 
close to copper smelters.[60] Copper has been found to be toxic 
to aquatic animals due to the effect of the metal on the water 
such as its hardness, pH, and suspended solids.[61] Overall, the 
SSB shows a lower environmental impact per kg of battery for 
the HTPinf, FETPinft and METPinft environmental impact cat-
egories compared to the LiB and only a very small increase is 
observed in the TETPinf environmental impact category. There-
fore, from a toxicity point of view, the SSB is superior to the 
LiB.

The CED or embodied energy calculates the primary energy 
accumulated during the life cycle of a product,[62] it is measured 
in MJ-eq and is calculated as the sum of untransformed energy 
sources, that is, fossil fuels.[19] The embodied energy of LFP 
LiBs has been reported to range from 64.4 to 541 MJ kg−1;[35] 
this study provides a result of 409 MJ kg−1. Furthermore, the 
CED of the SSB was found to be 1263 MJ kg−1. The highest 
contributor to this result is the electricity requirement for the 
manufacturing of the SSB electrolyte, discussed in more detail 
in section 4.1.2. Furthermore, the use of lanthanum hydroxide 
in the structure leads to the second-highest contribution to 
the environmental impact across all categories studied. Lan-
thanum is an REE, the mining and downstream processing 
requirements of which are energy-intensive, leading to a high 
CED. Furthermore, as the quality of the ore decreases, energy 
consumption and the related CO2 emissions increase.[63] 
REEs are listed as a critical material using numerous meth-
odologies.[64–66] The separation and refining processes of rare 
earth elements are energy and water-intensive, require exten-
sive chemical use and result in the emission of heavy metals, 
SO2, and dust among other pollutants.[63] Regardless of these 
environmental impacts, the use of REEs is continuing to 
increase.[67,68]

Eutrophication concerns the accumulation of chemical 
nutrients in ecosystems which ultimately leads to the dispro-
portionate growth of plant life thereby reducing the quality of 
the water and the populations of animals. Marine eutrophica-
tion is expressed as kg N-eq and freshwater eutrophication is 
expressed as kg P-eq as nitrates, nitrogen oxide, and phospho-
rous all have an adverse effect on eutrophication.[57] By means 
of comparison, this study shows that both the freshwater and 
marine eutrophication impacts are higher for the SSB than the 
LiB, independent of the functional unit applied. In turn, when 
compared to previously published results with respect to per 
kg of battery, the results provided for the LiB in this study are 
lower.[23] These results are mirrored in the results for terrestrial 
acidification, which is the measure of the effect of acid rain on 
different ecosystems.[57]

The contribution of each component in the production 
of LiBs and SSBs to the overall environmental impact of 
the twelve impact categories listed in Table  1 are shown in 
Figures 2 and 3, respectively. The indicators are normalised to 
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Figure 2. The percentage contribution of each component required in 
the production of a LiB cell for each environmental impact categories 
listed in Table 1.
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provide an absolute indicator of 100% for each value, shown in 
Figure 2 for the LiB and Figure 3 for the SSB.[19]

By breaking down the total of each environmental impact 
for both battery technologies, it is possible to determine where 
the carbon hot-spots lie within the structures. Figure 2 shows 
that the majority of the environmental impact of the LiB is split 
across the cathode, anode, electrolyte, and electricity use in the 
manufacturing stage. The impact of the LiB anode is domi-
nant for the FETPinft, HTPinf, METPinft, TETPinft, FEP, and 
TAP100 environmental impact categories. Conversely, Figure 3 
shows that the electricity requirements for manufacturing lead 
to the highest percentage contribution for the SSB. This is dis-
cussed in more detail in section 4.1.2.

Overall, when the functional unit for the delivery of 50 MJ 
of electrical energy is applied, the environmental impacts are 
lower for the LiB. When the functional unit of kg of battery 
is applied, the SSB has a lower environmental impact in the 
case of those environmental impact categories concerned with 
(eco)toxicity. The effect of the cycle life and DoD, of the SSB 
is considered in the sensitivity analysis to understand how the 
functionality of the architecture must be improved to out-per-
form the LiB across all environmental impact categories.

4.1.2. Impact of Energy Consumption Due to Fabrication

It is the use of the lithium iron phosphate and N-methyl-2-pyr-
rolidone solvent in the LiB cathode that leads to the high envi-
ronmental impact across the GWP and CED environmental 
impact categories. These environmental impact categories are 
mainly affected by the electricity requirements of the electrolyte 
production. Zackrisson et  al.[26] show that when the NMP sol-
vent is changed to water the GWP impact is reduced by approx-
imately 23%.[26]

This study uses the global electricity, medium voltage[kWh] 
dataset from Ecoinvent to provide an average global impact for 
the electricity use in battery production.[55] Previous research 
has shown how the location of the electrical energy source can 
affect the overall environmental impact of a component. For 
example, electricity sourced from China was found to have 
an impact of over ten times larger than that sourced from 
France.[15] A reduction in the GWP of electricity generation can 
be attributed to decarbonisation of national grids. With respect 
to the UK, the key factors to achieving a reduction the GWP are 
attributed to a reduction in demand, an increase in gas utilisa-
tion and the implementation of renewable energy sources such 
as wind.[69] Comparatively, in France, the road to decarbonisa-
tion is paved by nuclear power generation.[70] Therefore, it can 
be concluded that the impact of the electricity use in the elec-
trolyte (and, in fact, the rest of the battery) could either decrease 
or increase according to the chosen manufacturing location.

Overall, the main contributors to the environmental impact 
of the SSB are the electrolyte and the electricity usage in pro-
duction. 86.5% of the GWP impact of the SSB can be attrib-
uted to the electrolyte and 11.56% to electricity use, as shown 
in Figure 3. On further inspection, electrolyte impact is domi-
nated by the energy requirements associated with the manufac-
turing process, for example, electricity used for sintering. The 
ceramic industry is known to be an energy-intensive sector, in 

this case, temperatures of 900 °C are required for the heating 
of the electrolyte constituents and 1140 °C is required to com-
plete the sintering process.[25] Therefore, to reduce the envi-
ronmental impact of the electrolyte (and consequently that of 
the SSB technology) research is required into reducing the 
processing parameters required for the densification of the 
ceramic. Cold sintering, which aims to produce dense ceramic 
materials below 200 °C, is a line of investigation that is cur-
rently underway to determine if the energy intensity of LLZTO 
production can be reduced. The process employs a transitory, 
usually liquid, phase to allow mass transfer to produce dense 
ceramics using uniaxial pressure. The transitory phase usually 
evaporates during the cold sintering process, driving densifica-
tion by solution–precipitation.[71]

Troy et  al.[5] also show a high contribution to the environ-
mental impact is attributed to the electricity requirements 
relating to the manufacturing phase of an SSB. Particu-
larly, they show the percentage contribution of the electricity 
requirements for the production of the LLZTO electrolyte 
to be 80.8%, which aligns with the findings of this study at 
86.5%.[5] Sulphur-based SSBs are suitable for mass produc-
tion, offer another possible alternative to LIBs and do not rely 
on the sintering process during manufacturing. Despite this, 
the electricity required to operate the clean-dry room leads to a 
significant environmental impact across the impact categories 
studied.[33] Therefore, in all cases, due to the high impact of 
electricity use for SSB manufacturing, it is prudent to consider 
renewable sources of electricity generation to reduce the overall 
environmental impact.[15]

While for the majority of the chosen environmental impact 
categories the results relating to a kg of SSB are higher than 
a kg of LiB, the FETPinf, HTPinf, and METinf environmental 
indicators are higher for the LiB. These categories relate to the 
toxicity of the battery types and, as discussed earlier in this 
section, this high impact is caused by the use of copper in the 
anode current collector. Therefore, from the point of view of the 
decision-maker, when comparing the environmental impacts of 
these battery types using this functional unit, a decision must 
be made to determine which environmental impact categories 
are the most important.

4.2. IO LCA (Upstream Environmental Impact)

SCEnATi allows for the input-output upstream GWP of each 
battery type to be reported separately, as such, Figure 4 provides 
the results of the IO components of the HLCA based on the 
functional unit of kg of battery. Overall, the GWP upstream 
emissions of the LiB were found to be 10.86 kg CO2-eq kg−1 and 
that of the SSB technology, 6.44 kg CO2-eq kg−1. As outlined 
above, SCEnATi requires the unit cost of each supply chain 
input to be supplied into the model. Due to a lack of primary 
data, arbitrary costs for 1 kg of each battery type were calculated 
using commercial suppliers on the internet. The total cost of 
the supply chain inputs for 1 kg of LiB was calculated to be 
approximately £369 and that of the SSB, to be approximately 
£367. Despite the relatively low cost of the water required for 
manufacturing the LiB, this leads to the highest overall cost 
due to the large amount utilized. In comparison, it is the cost of 
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the electricity required to manufacture the solid-state electrolyte 
that overshadows the costs of the other inputs in the SSB.

For the LiB technology, the “Business Services” economic 
sector has the highest percentage contribution at 23% of the 
total impact and for the SSB technology, the “Transport and 
Communication” economic sector has the highest percentage 
contribution to the total impact, also at 23%. Those economic 
sectors contributing less than 1% to the total result were col-
lated and referenced as “Others”. These impacts can be broken 
down further to show that the LiB cathode and assembly have 
the highest impact on the upstream emissions, while it is the 
electrolyte of the SSB that has the highest percentage contri-
bution. This result is affected by the emissions intensities of 
each industry associated with the supply chain, the cost of the 
input and the “additional impacts” supplied by the modeller. 
Therefore, this result may differ if different supply chain costs 
were applied and different “additional inputs” were modelled. 
Overall, the upstream environmental impacts of the LiB across 
the economic sectors considered are higher than that of the 
SSB technology due to their higher cost of constituent mate-
rials and supply chain requirements.

4.3. Sensitivity Analysis

Due to the low technology readiness level of the SSBs, sensi-
tivity analysis was performed to ensure the result is representa-
tive.[20] To determine the GWP impact of the SSB in the event 
of an increase in cycle life, the LCA was performed from 100 to 
3000 cycles at 100 cycle intervals, assuming a specific energy 
of 314 Wh kg−1 at 80% DoD.[18] The cycle life pertains to the 
number of times a battery can be charged and discharged prior 
to failure and is often influenced by DoD which is a function 
of the total battery capacity level that has been utilized. Specific 
energy relates to the amount of energy stored per unit weight. 
The results of the sensitivity analysis are shown in Figure  5, 
where the GWP of the SSB technology is assessed according 

to an increase in cycle life of the battery; the cycle life was 
increased from 100 cycles to 3000 cycles in incremental steps 
of 100 cycle. The results show that the GWP impact decreases 
exponentially as the cycle life is increased. As shown above, a 
LiB with a predicted cycle life of 2500 cycles has a GWP impact 
of 1.60 kg CO2 50 MJ−1, therefore to reduce the environmental 
impact of the SSB below that of the LiB, the technology would 
have to reach 2800 cycles, this results in a GWP impact of 
1.56 kg CO2-eq 50 MJ−1 delivered energy. The equation of the 
resulting curve (G = 14.42e−9E-04C) indicates that an increase 
from 100 cycles will significantly reduce the GWP of the battery, 
but further improvement will suffer from diminishing returns.

Furthermore, to determine the impact of the DoD on 
the GWP of the SSB technology, the DoD was altered from 
30–100% across 100, 500, 100, 1500, and 2000 cycles. These 
results are shown in Figure 6 which indicates that as the cycle 
life of the SSB technology increases, the GWP is less affected 
by the DoD of the battery. Therefore, this research shows that 
by increasing the cycle life, the environmental impact of the 
SSB battery is lower than that of the LiB. Schnell et al.[18] point 
out that changing an LLZ based electrolyte to one based on Li1.3

Al0.3Ti1.78(PO4)3 could increase the energy density of the battery 
to 405 Wh kg−1. This provides scope for further work into how 
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the SSB structure can be optimised for both performance and 
reduced environmental impact.

4.4. Material and Process Selection

As criticality becomes increasingly important in a circular 
economy,[72] it is necessary to consider the materials chosen 
for battery technologies. As mentioned above, the move from 
nickel–metal hydride batteries to LiBs, has reduced the impact 
of rare earth oxide use (classified as critical raw materials by the 
European Union[65]) but increased the use of other materials, 
particularly lithium.[22] According to the EU’s methodology, 
lithium is not yet classed as critical but as approximately 2 mil-
lion EV LIBs will reach their EOL in the US and China alone in 
2020, approximately 20 000 tonnes of LIB cathodes will become 
waste. These materials must be recycled to avoid the generation 
of hazardous waste, reduce environmental pollution, ensure the 
availability of lithium sources into the future, and reduce raw 
material costs.[73,74] Comparatively, the SSB structure using the 
LLZTO returns to a reliance on critical REEs, specifically lan-
thanum. Although the LLZTO is not the only available SSB 
structure, alternatives such sulphide based systems (Li4SnS4-Li3-
SbS4)

[75] and lithium niobate cathodes with Li10GeP2S12 solid 
electrolytes[76] also rely on critical materials such as antimony 
and germanium. Therefore, it is paramount for the environ-
mental impacts of different SSB structures to be compared prior 
to their commercialisation to ensure that the technology with 
the lowest environmental impact is preferentially manufactured.

With respect to manufacturing techniques, when the lami-
nation and thin-film vacuum vapour deposition techniques 
are compared in the production of LiCoO2, LiMn2O4, and 
LiNi1/3Co1/3Mn1/3O2 SSBs, those produced by the vapour depo-
sition method had a lower CED and GWP impact; though this 
pattern was not observed across the remaining environmental 
impact categories studied.[32] 96–98% densities of LLZO have 
been achieved through the hot-pressing technique. Unfortu-
nately, this manufacturing route does not lend itself to contin-
uous mass production and is economically unattractive.[25] SSB 
structures containing an LLZTO/polyethylene oxide electro-
lyte have been manufactured using a solvent-free method in a 
Haake Rheomixer chamber. This resulted in a high speed, effi-
cient and large-scale manufacturing process.[77] Furthermore, 
it has been recognised that further investigation is required to 
reduce the cost and difficulties relating to the compatibility of 
the LLZTO electrolyte with the lithium metal anode.[78]

As outlined above, the ceramic industry is inherently energy-
intensive due to the high temperatures required for sintering, 
therefore extensive research is ongoing into cold sintering. This 
process not only reduces the manufacturing temperature but 
also the run time from hours to minutes.[71] Therefore, the cold 
sintering process provides a useful mechanism to reduce the 
environmental impact of the LLZTO electrolyte in the SSB.

4.5. Limitations and Future Work

The main limitations of this research relate to the lack of pri-
mary data for each of the battery technologies and therefore the 

life cycle inventories were established from published litera-
ture. This limitation can only be completely overcome through 
the use of primary data from battery manufacturers which is 
difficult to obtain due to its confidential nature.[31] Furthermore, 
the low technology readiness level of the SSB technology limits 
the output of this study. To reduce the uncertainty that accom-
panies this limitation, sensitivity analysis was performed to 
determine the environmental impact of this battery type with an 
increased cycle life.[20] The HLCA methodology presents a level 
of subjectivity in that it is the responsibility of the modeller to 
decide which of the missing supply chain inputs are added into 
the SCEnATi decision support tool. Future work in this the area 
of battery HLCA must consider the requirements of the addi-
tional inputs, thereby reducing the level of subjectivity.

5. Conclusion

This study is the first to present a comparative assessment of 
the environmental impacts of a LiB and an SSB containing an 
electrolyte of LLZTO using the hybrid LCA methodology. The 
study applies two functional units; the delivery of 50 MJ of elec-
trical energy and kg of battery, to allow for a robust result to 
be provided. Furthermore, sensitivity analysis is performed to 
determine how the cycle life of the SSB technology affects the 
overall environmental impact.

With a functional unit of 50 MJ delivered energy, the envi-
ronmental impact of the LiB is lower across all of the envi-
ronmental impact categories studied. While, according to a kg 
of battery technology, the environmental impact of the SSB 
is higher across all environmental impact categories except 
the FETPinf, HTPinf, and METPinf, for which the LiB has 
a higher environmental impact. The upstream impacts of 
the LiB were slightly higher than that of the SSB technology 
and, through sensitivity analysis, it was shown that the GWP 
impact of the SSB technology is lower than that of the LiB at 
2800 cycles.

With these results in mind, stakeholders must determine 
which environmental impact categories are the most impor-
tant and progress must be made to increase the number of 
cycles of SSBs to provide a functional and safe battery with 
reduced environmental impact. Furthermore, the environ-
mental impact of the SSB technology can be lowered through 
a reduction of the energy requirements needed for sintering. 
To date, the most promising process to achieve this is through 
the development of the cold sintering process. Alternative SSB 
material structures also exist, such as sulphide based systems 
based on Li4SnS4-Li3-SbS4

[75] and lithium niobate cathodes 
with Li10GeP2S12 solid electrolytes[76] and therefore future work 
should also concentrate on determining which SSB structure 
leads to the lowest environmental impact.

Battery technologies and manufacturing processes are con-
tinually improving and therefore it is key to ensure that future 
HLCA research considers systems at low technology readiness 
levels to ensure that environmental impacts can be designed 
out of new structures, rather than allowing for impacts to be 
generated.[19] This is particularly crucial for batteries and other 
energy storage systems in a society where energy demand is 
increasing.[79,80]
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