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Abstract 

Background Concerns about the sustainability of commercially available batteries have driven the development 
of post‑lithium systems. While previous studies on Magnesium batteries have explored both the potential environ‑
mental footprint of battery production and their possible use in stationary applications, their environmental impact 
in electromobility remains unexplored. This study provides an initial prospective evaluation of the environmental per‑
formance of a theoretical Mg–S battery for potential use in electric vehicles (EVs). Utilizing life cycle assessment (LCA) 
methodology, various scenarios are analyzed and compared to conventional systems. The analysis focuses on poten‑
tial environmental impacts, including climate change, resource criticality, acidification of the biosphere, and particu‑
late matter emissions.

Results In the battery pack level, the Magnesium anode and its respective supply chain have been identified as main 
drivers of environmental burdens. Additional concerns arise from the uneven geographical distribution of Mg produc‑
tion, which leads to dependency on few producers. In terms of resource criticality, the Mg–S battery could carry sig‑
nificant advantages over benchmark systems. A look into the use‑phase via theoretical implementation in an electric 
vehicle (EV) also suggests that the Magnesium based EV could perform on a comparable level to an LIB EV, also out‑
performing conventional ICEVs in several impact categories.

Conclusions This study is based on optimistic assumptions, acknowledging several remaining technical challenges 
for the Mg battery. Consequently, the results are indicative and carry a significant degree of uncertainty. Nonetheless, 
they suggest that the Mg–S system shows promising environmental sustainability performance, comparable to other 
reference systems.
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Introduction
The battery market is anticipated to expand significantly 
over the next few decades as a consequence of growing 
interest in renewable energy technologies and electric 
vehicles, which has brought the need for advanced stor-
age systems to the forefront [1]. The installed capacity of 
storage systems is predicted to increase from 278 GWh 
in 2021 to over 6300 GWh in 2040 for electromobility 
and from ~ 56 GWh in 2021 to ~ 426 GWh in 2040 for 
stationary applications [2].
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So far, lead acid (PbA) batteries and lithium-ion bat-
teries (LIB) have been the most widespread technologies 
in the market [2, 3], owning advantages and drawbacks 
over other systems, as well as concerns regarding their 
sustainability. Among the latter, use of toxic materials [4], 
scarce and critical resources [5–7] and the use of child 
and forced labor [8], among others, have brought these 
systems under scrutiny.

Different strategies have been developed to mitigate 
some of these issues. An example is the establishment 
of a recycling industry to increase resource efficiency, 
successfully implemented for PbA batteries [9, 10] and 
with several initiatives focused on LIBs [11–15]. Another 
example is the development of new alternative systems, 
such as post-lithium batteries [16], seeking to use less 
critical resources in their construction. Sodium-(Na) and 
magnesium-(Mg)-based batteries [17, 18] can be found 
within this category, among which the magnesium–sul-
fur (Mg–S) battery stands out due to its promising theo-
retical capacity, cost-efficiency, safety profile [19]. Beyond 
the numerous technical challenges that these technolo-
gies still need to overcome, the widespread implementa-
tion of these systems must also adhere to environmental, 
economic, and social sustainability standards. To ensure 
this, technology monitoring is needed throughout the 
different stages of development, from initial concept 
design to final commercialization. This process should 
evaluate the potential implications of raw materials 
extraction, manufacturing, use-phase and end-of-life 
(EoL) management of the system. This type of analysis is 
typically conducted employing the life cycle assessment 
(LCA) methodology, a systematic approach that evaluates 
the potential environmental impacts over the life cycle of 
a product [20]. For emerging systems, however, consid-
erable data limitations and large uncertainties exist, hin-
dering the conduction of typically retrospective LCAs. 
Instead, an anticipatory or prospective LCA (P-LCA) 
[21] can be used to support the technology development 
process from its early stages when design flexibility for 
impact mitigation exists. Prospective LCA is especially 
characterized by embracing uncertainty throughout the 
analysis of potential technology development scenarios 
and supply chain transformations [21].

Little details are known yet about the potential envi-
ronmental implications of commercializing an Mg–S 
battery. In the following, and to the best of the author’s 
knowledge, the first assessment of a theoretical Mg–S 
battery for use in electro mobility is presented to fill in 
this gap, addressing the growing attention that Magne-
sium batteries are receiving and to evaluate their sustain-
ability character. This evaluation shall provide insight 
into its environmental hotspots and the role that the 
successful development of this technology could play in 

decarbonizing the transport sector. Conducting these 
initial evaluations was possible with the first tested 
pouch-cell prototype built within the framework of the 
Mag–S project, funded by the German Federal Minis-
try of Education [22]. The analysis here conducted gives 
continuity to previous studies [23–25] that have already 
evaluated the potential environmental impacts of hypo-
thetical Mg–S battery production and use in stationary 
applications.

Previous research on magnesium batteries
Over the last decade, significant progress has been made 
in the field of Mg batteries. A thorough overview [19] 
described their advantages over conventional systems, 
for instance the bivalency of the Mg ion, the high volu-
metric storage capacity of the anode and the non-toxic 
and abundant nature of Mg. Some of the recently listed 
advances in the field are mainly associated with the 
development of electrode materials and suitable electro-
lytes. The authors also discuss the scientific and techni-
cal challenges that this type of batteries is facing, such 
as lack of suitable cathode materials and over-potentials, 
among others. The study of Mg–S batteries has been part 
of comprehensive reviews about the state-of-the-art, 
[26–29] with critical issues such as compatibility of elec-
trodes and electrolyte remaining. A few examples of R&D 
to overcome technical challenges [30–39] have focused 
on the development of cathode materials and electro-
lytes. Li et  al. [40] conducted research on Mg alloys for 
the anode as a potential tool for improved energy densi-
ties. Häcker et al. [41, 42] and Attias et al. [43] have inves-
tigated the interactions at the battery interfaces and the 
impact of temperature on the rates of self-discharge and 
sulfide formation.

Regarding sustainability assessments, the first LCA 
[23] on Mg battery production was based on a prototype 
cell [22] followed up by a study based on a theoretical 
redesign of such prototype [24]. This redesign focused 
on reducing battery weight, potentially leading to sig-
nificant decrease of its environmental impacts, down 
to a level comparable to commercial technologies. This 
study was further expanded by Pinto-Bautista et al. [25], 
who analyzed the potential impacts of the use-phase in 
stationary applications. The results reaffirmed the prom-
ising environmental performance of the Mg–S battery 
and provided insight into the influence that its technical 
performance may have on its environmental footprint. 
For instance, it was found that the charge/discharge effi-
ciency bears larger influence on the results than other 
parameters such as energy density or calendrical life. 
Nonetheless, while these studies centered on battery pro-
duction and potential use in stationary applications, data 
gaps about the role that the Magnesium battery could 
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play in electromobility remain. The work presented in the 
following aims to reduce some of these gaps.

Life cycle environmental analysis
To determine the potential environmental performance 
of a Mg–S battery pack for electromobility, a prospective 
life cycle assessment (LCA) is conducted following the 
guidelines defined in the ISO standards 14,040/14,044 
[44, 45] and the International Reference Life Cycle Data 
System ILCD handbook [46]. Four steps are executed in 
an iterative and interdependent manner during the con-
duction of this LCA: goal and scope definition, inventory 
analysis, life cycle impact assessment and interpretation 
of the results.

Goal and scope definition
The goal of the study is to estimate the environmental 
footprint of an electric vehicle equipped with an Mg–S 
battery pack and to compare its performance with bench-
mark technologies such as an LIB electric vehicle (LIB 
EV) and an Internal Combustion Engine Vehicle (ICEV). 
The system boundaries include raw material extraction, 
system manufacturing, and use-phase, as illustrated in 
Fig.  1. Lack of data impedes the inclusion of EoL man-
agement and/or recycling within the boundaries. The 
study is divided in two parts to ease the discussion of 
environmental hotspots of the battery pack as well as 
the comparison of technologies in electromobility. First, 
an assessment of battery manufacturing (cradle-to-gate 
analysis) is conducted using a functional unit (FU) of 
production of a 40 kWh battery pack. Second, an assess-
ment of vehicle production and use (cradle-to-use analy-
sis) is conducted with the FU being production of a 40 
kWh electric vehicle driven 150,000 km over a lifetime of 

10 years. This lifetime also corresponds to the calendar 
life for the battery; therefore, no replacements are con-
sidered during the use-phase.

Modelling of the battery system
The Mg battery system studied here is namely the MgS-
Evo2 presented by Montenegro et  al. [24]. The anode is 
made of a 100 µm thick magnesium foil. The cathode is 
composed of sulfur (50 wt.%), carbon black (40 wt.%) 
and carboxymethyl-cellulose/styrene–butadiene–rubber 
binder (CMC/SBR) (10 wt.%), applied onto an aluminum 
foil [22]. The electrolyte is a solution of magnesium tet-
rakis hexafluoroisopropyloxy borate, also known as 
Mg[B(hfip)4]2, and dimethoxyethane (DME), and was 
first described by Zhao-Karger et al. [34].

This battery is at a stage of basic property research and 
electrochemical development, and thus can be character-
ized with a Battery Component Readiness Level (BC-RL) 
of three [47]. Several technical hurdles must be addressed 
to achieve satisfactory performance, including limited 
cycle stability, inadequate sulfur stabilization, and quick 
self-discharge rates. Its performance is also hindered by 
potential hysteresis between charge and discharge cycles 
and the degradation of the electrolyte and the magne-
sium anode due to polysulfide dissolution [30]. None-
theless, promising results were observed during the first 
testing phase of the cell [22].

This study relies on optimistic performance values of 
the Mg–S battery pack, assuming that further research 
and innovation will push the Mg–S system to a BC-RL 
of 9, comparable to that of NMC chemistries. The sys-
tem presented here is a hypothetical model that com-
bines characteristics from the redesigned prototype 
and from LIBs. Specifically, the energy density reflects a 

Fig. 1 System boundaries of this study
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reassessment of the initial value suggested for the pro-
totype cell, considering the effects of mass reduction 
resulting from the proposed redesign [24]. In the pack 
level, a similar composition to that of an LIB pack has 
been assumed. Table 1 shows the material and mass com-
position of the model Mg–S battery as well as that of a 
state-of-the-art LIB (NMC811) as described by Chordia 
et  al. [48], which has been used as benchmark due to 
the availability of data sets that allow its modelling. The 
composition at the pack level for both systems is based 
on the battery pack for electric vehicles (EV) presented 
by Ellingsen et al. [49], readjusted for 40 kWh of storage 
capacity. Regarding system efficiency, a previous study 
[25] assumed charge/discharge (i.e., roundtrip) efficiency 
of 90% for the Mg–S battery under the presumption 
that this technology would likely underperform the LIB, 
for which an efficiency of 95% is a commonplace value. 
This difference at the pack level is also reflected at vehi-
cle level, where battery efficiency has an influence on the 
overall EV efficiency, altogether with the efficiencies of 
power electronics, motor, drivetrain and accessory loads. 
When all other factors remain the same, a simple division 
of the battery efficiencies will indicate performance ratio 
between two vehicles using different types of batteries. 

Assuming 90% and 95% roundtrip efficiency for the Mg–S 
battery and LIB, respectively, means that the Mg–S EV 
performs approximately with 95% of the energy efficiency 
of LIB EV. Therefore, a factor of 0.95 has been introduced 
in the calculation of the energy efficiency of Mg–S vehicle 
(Table 1). For the LIB vehicle, this factor is 1, which cor-
responds to the energy efficiency directly reported by the 
manufacturer of an LIB EV. It should be noted that in a 
practical application, the power electronics of an Mg–S 
battery could be different from those of an LIB, poten-
tially leading to additional differences in efficiency, which 
have been neglected here. Finally, it is assumed that both 
batteries have a calendar life of 10 years, a common and 
conservative value for LIBs [50], and a cyclability which is 
sufficient to meet the lifetime of the intended application, 
avoiding the need of battery replacements over this time.

Use‑phase modelling
The implementation of the battery pack has been studied 
throughout the modelling of a full vehicle, which inte-
grates, aside of battery pack, production of glider and of 
the charging infrastructure. Two electric vehicles (Mg–S 
EV, LIB EV) have been modelled with use-phase impacts 
related to production of electricity to power the vehicle, 

Table 1 Technical specifications and mass composition of the 40 kWh battery packs

Values for NMC extracted from [48, 49]

Component Mg–S LIB (NMC 811)

Total battery pack weight (kg) 251.8 283.6

Energy density (cell) (Wh/kg) 259 230

Energy density (pack) (Wh/kg) 158.8 141.0

Cell level

 Anode Mg foil (29% wt.) Graphite (22.9% wt.)
CMC + SBR + 
Cu Collector foil (7.4% wt.)

 Cathode Sulphur (28.7% wt) + CMC/SBR Binder (0.3% wt) + carbon 
(0.3% wt) + Al collector foil (6% wt)

NMC 811
PVDF
Carbon (37.4% wt.)
Al collector foil (2.7% wt.)

 Separator Polyolefin (2% wt.) Polyethylene (2% wt.)

 Electrolyte Mg[B(hfip)4]2 + DME (30.7% wt.) LiPF6 (10% wt.)

 Housing Al composite (3% wt.) Nickel‑plated steel + PE (17.6%)

Pack level

 Cells (kg) 154.4 173.9

 Module packaging (kg) 48.7 54.8

 Battery management system BMS (kg) 6.3 7.1

 Cooling system (kg) 10.3 (Al) 11.6 (Al)

 Battery packaging (kg) 32.0 36.1

 Roundtrip efficiency 90% 95%

Vehicle

 Energy efficiency factor 0.95 1

 Lifetime (yr.) 10 10
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wear of components and vehicle/road maintenance. In 
addition, a comparison with an ICEV powered with die-
sel illustrates the potential advantages and disadvantages 
of one type of technology over the other. It is assumed 
that the EVs are operated in Germany between the years 
2025–2035, thus the forecast of the German electricity 
mix for 2030 [51] has been considered as reference to 
charge the electric vehicles.

Due to its market popularity, the medium sized Nis-
san Leaf has been selected as the model EV. Table  2 
shows the technical specifications as originally pre-
sented by the manufacturer, including the energy effi-
ciency of three driving behaviors (city, highway and 
combined) and under mild weather conditions [52]. 
These values have been reported in accordance with the 
Worldwide Harmonized Light Vehicle Test procedure 
(WLTP) [53]. It must be noted that, in practice, energy 
consumption may differ from the values established by 
the WLTP when the individual driving profiles, charg-
ing behaviors or vehicle related parameters, such as 
tire pressure, do not match those defined for the test. 
In addition, the excessive use of ancillaries or extreme 
weather conditions can also reduce the autonomy of the 
vehicle [54]. The vehicle is originally commercialized 
with a 40  kWh lithium ion manganese oxide (LMO) 
battery pack which, in this study, has been substituted 

with a model Mg–S battery pack as well as with a 
state-of-the-art NMC 811 LIB pack. The curb weight 
is subsequently readjusted to account for the energy 
density of each battery pack, leading to a total weight 
of approximately 1529  kg and 1561  kg for the Mg–S 
and the LIB EVs, respectively. Accordingly, energy con-
sumption must be recalculated considering the weight 
differences via a correction factor of 5.6 Wh*km−1 per 
100 kg of additional weight following the recommenda-
tions from Ellingsen et al. [49].

The Volkswagen Golf 2020 has been chosen as bench-
mark ICEV given its comparable weight and size to 
that of the EV, also falling into the medium-size cate-
gory. Table 3 shows the curb weight and fuel consump-
tion reported in the technical specifications from the 
manufacturer and under the same standardized testing 
regulation (WLTP) [55]. In contrast to EVs, the over-
all energy efficiency of ICEVs is higher when driving in 
highway conditions. Regarding tailpipe emissions, these 
are assumed compliant with the currently enforced 
European emission standard Euro 6 for a medium sized 
passenger car, which determines the maximum amount 
of specific pollutants that can be released into the 
atmosphere and which has been established since 2015 
[56].

Table 2 Technical specifications of the electric vehicle

Nissan Leaf [52]

Curb weight (Original) 1580 kg

Battery capacity 40 kWh

Battery weight (original) 303 kg

Battery energy density (original) 132.01 Wh/kg

Car weight w/o battery 1277 kg

Energy consumption (w/original pack) (WLTP)

 City 110 Wh/km

 Highway 181 Wh/km

 Combined 142 Wh/km

Use‑phase emissions Charging electricity mix Germany 2030 (DE2030), road/brake/tyre wear, road construction 
and vehicle maintenance

Table 3 technical specifications of the ICEV

Volkswagen golf [55]

Curb weight 1390 kg

Fuel consumption (WLTP)

City 4.4 L/100 km

Highway 3.35 L/100 km

Combined 3.7 L/100 km

Use‑phase emissions Tailpipe emissions Euro 6 standard, Supply chain of diesel, road 
/ brake / tyre wear, road construction and vehicle maintenance
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Data sources, limitations and other assumptions
Different literature sources and commercial datasheets 
have been used to build the life cycle inventories. The 
inventories of the Mg–S cell were extracted from Mon-
tenegro et al. [24]. The inventories of the LIB (NMC811) 
cell were extracted from the work by Chordia et al. [48], 
noting that the graphite in the anode (originally “market 
for graphite, battery grade—GLO” as found in Ecoinvent) 
was substituted with graphite as presented in the life 
cycle inventories found in Engels et al. [57]. This is due to 
underestimation of the environmental footprint of graph-
ite in previous studies. Due to lack of data regarding the 
construction of a Mg–S battery pack, it was assumed that 
its layout is similar to that of an LIB, thus components 
such as packaging, battery management system (BMS) 
and cooling system are the same for both technolo-
gies (extracted from Ellingsen et  al. [58]). In particular, 
the cooling system is composed of an aluminium radia-
tor with glycol as coolant medium, whereas the BMS 
includes module boards, interface system, fasteners and 
high/low voltage systems. In reality, the layout of the 
Mg–S battery pack could be different from that of LIBs, 
for instance, by necessitating a different type of BMS or 
cooling system. The original mass compositions of the 
Mg–S and LIB packs were extracted from literature [49] 
and readjusted according to the respective energy densi-
ties used herein. It must be noted that the inventories of 
the LIB relate to production of cylindrical cells, whereas 
the Mg battery is composed of pouch cells. This leads to 
mass imbalances from the BMS and housing, with direct 
influence in the calculation of energy density of the pack. 
The sensitivity analysis addresses this issue, estimating 
the environmental impacts of the Mg battery for a range 
of values of energy density. It has been assumed that the 
manufacture of the battery packs takes place in Europe, 
and therefore, the ´European Network of Transmission 
Systems Operators for Electricity ENTSO-E’ was used as 
electricity mix.

The body of the vehicles has been modelled using the 
commercial database Ecoinvent 3.8, with cutoff data 
sets for medium sized passenger car production. These 
include background inventories for glider (chassis, 
steering, braking and suspension system, tires, cock-
pit equipment and non-propulsion related electronics) 
and powertrain. A vehicle lifetime of 150,000 km driven 
over 10 years has been assumed as this is a common-
place value in literature. It is assumed that the calendar 
life of the battery is 10  years as well; thus, no battery 
exchange has been considered during this lifetime. It is 
likely that the vehicles (ICEV and EVs) and batteries 
perform acceptably after reaching this lifetime. Environ-
mental credits could thus be obtained from longer bat-
tery/vehicle lifetime, recycling or second life of batteries, 

but these scenarios are out of the scope in this study. The 
electricity mix forecast for Germany in 2030, namely 
DE2030, has been modelled according to the report 
from Agora Energiewende [51] and has the following 
composition: Wind = 32.4%; PV = 11.57%; Hydro = 3.5%; 
Biomass = 4.3%; Lignite = 10.1%; Hard coal = 14.4%; 
Oil = 0.2%; Natural gas = 19.2%; Others = 4.5%. Other 
use-phase flows such as road construction, vehicle main-
tenance, brake wear, road wear and tire wear emissions 
have been considered as presented in the Ecoinvent 
3.8 database for transport with a medium sized pas-
senger electric car. The public charging station for EVs 
has been modelled as presented by Zhang et  al. [59] in 
their assessment of charging infrastructure. It has been 
assumed that, per electric vehicle, the impacts from 1/3.5 
of a complete charging station must be allocated, fol-
lowing the recommendations provided by RISE Viktoria 
[60] (assumed to be applicable in Germany). The tailpipe 
emissions during the use-phase of the ICEV have been 
modelled based on the Life Cycle Inventories of Road and 
Non-Road Transport Services [56] for a medium-sized 
diesel fueled passenger car compliant with the Euro 6 
emission standard. Additional use-phase impacts of the 
ICEV arise from the supply chain of the fuel (low-sulphur 
diesel), the supply chain of the refrigerant and car main-
tenance have also been extracted from Ecoinvent. No 
additional fuel station infrastructure for ICEVs was con-
sidered as the already existing one is consider sufficient. 
In the sensitivity analysis, scenarios with other energy 
sources have been evaluated. An scenario with 100% 
renewable electricity (50/50 share from onshore wind 
power and open-ground photovoltaics installed in Ger-
many), which substitutes the baseline 2030 German mix, 
was modelled with background data sets corresponding 
to 1–3  MW turbines and 570kWp multi-Si installations 
as found in Ecoinvent 3.8. Fossil Diesel has been substi-
tuted with biodiesel, represented via ´Fatty acid methyl 
esther’ provided by the global market of vegetable oil as 
found in Ecoinvent. Other elements in the background 
from pack and vehicle have also been extracted from 
Ecoinvent cutoff data set, which considers use of primary 
materials. The life cycle inventories constructed or edited 
within this study can be found in the supplementary 
information.

Life Cycle Impact Assessment
The method provided by the International Reference Life 
Cycle Data System (ILCD), specifically ILCD Midpoint 
2011+, is chosen to conduct the LCIA, as it is repre-
sentative of the Product Environmental Footprint (PEF) 
method and thus contains the impact categories recom-
mended by the European Commission in the Product 
Environmental Footprint Category Rules for rechargeable 
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batteries [61]. These categories are, first, ‘acidification’, 
which indicates the potential damage to soil and waters 
from the release of acidifying agents and is measured in 
molc (moles of charge) H+ eq. Second, ‘Climate change’ 
or “global warming potential” (GWP), which is related to 
the emission of  CO2 and other greenhouse gases and is 
measured in kg  CO2-eq. Third, ‘mineral, fossil and renew-
able resource depletion’ (kg Sb eq), which is related to the 
extraction of abiotic resources. Lastly, ‘particulate matter’ 
(kg PM2.5 eq), which considers the effects of fine particu-
lates with an aerodynamic diameter of less than 2.5 µm. 
The specific case of (abiotic) resource depletion has been 
subject to debate, since some of the existing methodolo-
gies sometimes can lead to very different outcomes with 
each other, hampering the robustness of a study and/or 
hindering the interpretation process [62]. These differ-
ences can be attributed to the use of different perspec-
tives when addressing the concept of criticality, which 
highlights the importance of selecting a method that 
suits the goal of the study [63, 64]. A recent study [65] 
suggests that an adequate reflection of potential resource 
criticality issues can be achieved by calculating the abi-
otic depletion impacts via the non-baseline versions of 
the CML method, developed by the Institute of Environ-
mental Science of Leiden University in the Netherlands 
[66]. The author concludes that the ultimate reserve 
version, reflecting long-term criticality issues based on 
physical reserves, and the economic reserve version, 

reflecting short-term issues, should be used complemen-
tarily in the assessment of batteries for EVs. The above 
mentioned categories are analyzed in this document, and 
a complete look of the results in the 16 impact categories 
of the ILCD method is provided in the supplementary 
information.

Results and discussion
Battery pack
Figure  2 displays the total impacts of a 40 kWh Mg–S 
battery pack in several impact categories, breaking down 
the results into contributions from each battery pack and 
cell component. The group ’others’ relates to contribu-
tions from material transportation and construction of 
infrastructure. Large contributions to the total results 
originate within the supply chain of Magnesium for the 
anode, especially critical in the ‘particulate matter’ cat-
egory. These impacts are associated with the production 
of Magnesium via the industry standard Pidgeon process. 
This type of process is highly polluting yet widely pop-
ular, especially in China, where over 80% of the global 
magnesium is produced [67]. The extraction and process-
ing of primary aluminium for the module packaging con-
tributes significantly to climate change, acidification and 
resource depletion. In the latter category, the construc-
tion of the BMS leads to the largest contributions, which 
mostly arise from the use of Tantalum in the electronic 
components, material characterized as critical resource.

Fig. 2 Cradle‑to‑gate impacts of the theoretical manufacturing of a 40kWh Mg–S battery pack
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Figure  3 presents a comparison of the environmental 
profile of the Mg–S battery pack with an LIB benchmark, 
specifically an NMC 811. The results suggest potentially 
better performance from the Mg–S system in most cat-
egories, with the exception of ‘particulate matter’, where 
the contribution of the Magnesium anode leads to higher 
total impacts. In climate change, the LIB bears larger 
impacts stemming from the pre-chain of the active mate-
rial in the electrodes, namely graphite in the anode and 
nickel/cobalt sulfate in the cathode. It can also be seen 
that, regardless of the method used for the analysis of 
resource depletion potential, the Mg–S battery bears 
about 14–27% of the impacts from the LIB. The LIB per-
forms poorly due to the use of critical Cobalt and Nickel 
for the synthesis of the active material in the cathode. 
The high impacts of the LIB in acidification also originate 
in the supply chain of the active material, with significant 
contributions from the upstream processes of nickel sul-
phate production, where large amounts of Sulphur diox-
ide (acidifying agent) are emitted into the atmosphere. 
The Mg–S battery benefits instead from the use of less 
critical active materials.

Life cycle impact of electric vehicles
Energy efficiency during vehicle operation is influ-
enced by conditions of the environment such as road 
type and climate as well as driving style and use of 
ancillaries. In this analysis, average weather condi-
tions and average driving style have been considered 
during the use-phase of the vehicles. Figure  4a illus-
trates the cradle-to-use greenhouse gas emissions of 

the three vehicles under baseline conditions (German 
mix for 2030) and for a scenario with renewable elec-
tricity (RN) in a 50–50 ratio of wind and solar. The 
emissions are initially comprised by the impacts from 
vehicle (glider + powertrain) and battery pack produc-
tion, as well as from the construction of the EV charg-
ing station. In the baseline, it can be seen that the 
accumulated emissions of the Mg–S–EV would remain 
higher than those of the ICEV until reaching a point 
of ~ 26,500  km driven, where the additional emissions 
from the battery pack are compensated by the less pol-
lutant nature of its use-phase. In the RN scenario, this 
point is located at ~ 16,000 km. With respect to the LIB 
EV, the Mg–S EV would carry slightly lower impacts 
along the entire use-phase, benefiting from a lesser  CO2 
intensive construction of the battery pack. The accu-
mulated life cycle impacts (Fig. 4b) result in compara-
ble values for both technologies, with almost negligible 
contributions stemming from constructing EV charg-
ing infrastructure. The total cradle-to-use emissions of 
the Mg–S EV, the LIB EV and the ICE vehicles add up 
to about ~ 24,800, ~ 26,500 and ~ 37,500 kg of  CO2-eq, 
respectively. When renewable electricity is used to 
charge the vehicles, the magnitudes add up to about 
41–46% of the total impacts from the ICEV. Values in 
literature range between 28,000 to 60,000 kg of  CO2-eq 
for ICEVs and 13,000 to 32,000  kg of  CO2-eq for LIB 
EVs [49, 68–75], associated to their corresponding sys-
tem boundaries. The overall balance of  CO2 emissions 
largely depends on the specific conditions and model-
ling parameters of each study, for instance composition 

Fig. 3 Comparison of potential production impacts of a theoretical 40 kWh Mg–S and state‑of‑the‑art NMC Li‑Ion battery packs
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of the energy mix and driving behavior, which lead to a 
broad range of potential results.

Figure  5 illustrates the aggregated  CO2-eq emis-
sions for different driving conditions (average, city and 
highway). Changes in energy/fuel efficiency of the EVs, 
mainly associated with braking regeneration, result in 
better performance when driving in city conditions. 
Conversely, battery efficiency of EVs decreases at 
higher driving speeds, which are commonly employed 
on highways. The ICEV benefits from driving at optimal 
speeds on highways and is less efficient when driving in 
city conditions. The impact ratio between ICEV/Mg–S 

is approximately 1.76 in the city and 1.35 on the high-
way when using DE2030 electricity. Likewise, the ratios 
between LIB/Mg–S are approximately 1.07 in the city 
and 1.06 on the highway for the same electricity mix.

Regarding acidification potential, the results suggest 
that the Mg–S vehicle could outperform the bench-
mark, accounting for only about 75–77% of the impacts 
of the ICEV and the LIB EV (Fig. 6). On one hand, the 
use-phase of the ICEV contributes largely to its acidifi-
cation potential. This is mostly related to the emission 
of Nitrogen oxides produced during fuel combustion, 
as well as within the supply chain of diesel, where Sul-
phur dioxide is also released into the atmosphere. EVs 
do not directly emit such types of emissions. The con-
tributions of the use-phase for both batteries are almost 

Fig. 4 a Cradle‑to‑use  CO2‑eq emissions of EVs and ICEV. b Contributions from different components to the total impacts at the end of the lifetime. 
DE2030 = baseline electricity (Germany 2030); RN Renewable electricity (50% wind–50% solar)

Fig. 5 Cradle‑to‑use  CO2‑eq emissions under different driving styles

Fig. 6 Cradle‑to‑use impacts in acidification potential of the different 
vehicles
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identical, mostly depending on the electricity mix used 
to charge the batteries However, in the case of the LIB 
EV, significant emissions of acidifying agents are found 
within the supply chain of the cathode active material. 
This is mostly related to nickel sulphate production, as 
well as during the production of copper and battery-
grade graphite for the anode, which are absent in the 
Mg battery.

Regarding resource depletion potential, Fig.  7 illus-
trates the abiotic resource depletion potential using dif-
ferent assessment methods. The differences in the results 
are attributed to the different characterization factors of 
each method. The CML-baseline method yields much 
lower values overall, whereas the non-baseline version 
with an economic focus results in the largest magni-
tudes. However, regardless of the method, a trend can 
be observed. In particular, the LIB EV carries the largest 
impacts, followed by the Mg–S EV in the second place 
and the ICEV with the lowest total impacts. The EVs 
have larger impacts than the ICEV due to several reasons. 
Apart from the battery, the powertrain of EVs contains 
significant amounts of valuable resources such as cop-
per and neodymium used in the electric motor, which 
are not present in the powertrain of an ICEV. Traces of 
gold can also be found in the power electronics such as 
the inverter, charger, and power distribution units, which 
have a considerable influence on the results. In addition, 
the resources employed in the batteries and the mini-
mal contributions from the use-phase contribute to the 
observed picture. It should be noted that this analysis 
does not consider criticalities and bottlenecks that could 
potentially arise from the geographical distribution of 
such materials.

Regarding particulate matter potential, the Mg–S EV 
is outperformed by both the ICEV and the LIB EV. The 

impacts of Mg–S battery production are significantly 
large, resulting in poorer overall performance. As previ-
ously described, the production of Magnesium via the 
Pidgeon process in China is the main driver of impacts 
in this category. While the ICEV and LIB perform at very 
similar levels, the total impacts of the Mg–S EV are about 
7% higher (Fig.  8). Other sources of particulate emis-
sions related to the use-phase include tire and road wear, 
which account for almost half of the total.

Sensitivity analysis
The impacts associated with the use-phase could be 
influenced by technical performance parameters of the 
battery, such as energy density and system efficiency. 
However, these parameters are characterized with large 
uncertainty during the early phase of technological devel-
opment. In addition, the future conditions in which the 
technology could be rolled out may be different than the 
current ones. For instance, transformations of the supply 

Fig. 7 Cradle‑to‑use impacts in resource depletion potential according to different impact assessment methods

Fig. 8 Cradle‑to‑use impacts in particulate matter potential
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chain or energy mix influencing the environmental foot-
print of the technology could be expected during long 
timespans between conception and market introduction. 
Thus, it becomes relevant to assess different potential 
scenarios in which the technology may develop to reveal 
the sensitivity of its environmental profile to a changing 
environment.

The theoretical energy density in the baseline analysis 
(~ 159 Wh/kg) suggested by the developers with an opti-
mistic view could be distant from the technically achieva-
ble one. It is of interest to analyze how the environmental 
profile could look like under inferior performance lev-
els. A recalculation of the results is given considering 
a decrease in energy density down to 50% of the initial 
estimation (~ 79.5 Wh/kg), with corresponding readjust-
ment of vehicle weight. Figure  9 displays the cradle-to-
use greenhouse gas emissions of the Mg–S EV under this 
condition. With respect to the ICEV, the breakeven point 
shifts from 26,500 km driven to about ~ 47,000 km in the 
DE2030 scenario and from ~ 16,000 km to 33,000 km in 
the RN scenario.

Beyond the sensitivity of the environmental footprint 
to energy density, other performance parameters may 
also have large influence on the results. Performance 
parameters such as charge/discharge (roundtrip) 

efficiency, cycle life and calendrical life were evalu-
ated in a previous study [25], which identified battery 
efficiency as a relevant factor affecting environmental 
performance. Therefore, sensitivity to overall system 
efficiency is assessed here for a range of values between 
0.95 or 95% efficiency (EFF) with respect to LIB EV 
(baseline) and 0.8 or 80% with the same reference as a 
lower limit. In addition, the reference ICEV system is 
re-evaluated with the adoption of biofuels, considered 
as a more sustainable alternative to conventional fossil 
fuels. Two fuel substitution scenarios have been mod-
eled: B20, a blend of 20% biodiesel and 80% fossil-based 
diesel, and B100, comprising 100% biodiesel. It is noted 
that biodiesel has a lower energy density compared to 
regular diesel, with reported values of 99% and 93% for 
B20 and B100, respectively [76]. This leads to increased 
fuel consumption, factored into the model. ‘Vegetable 
oil methyl ester’ extracted from Ecoinvent 3.8 has been 
used to represent biodiesel. It has been assumed that, 
when it comes to use-phase emissions, biodiesel pow-
ered ICEVs also adhere to the same EURO6 standard as 
in the base case (fossil diesel) and thus the same admis-
sible limit has been considered. Figure  10 depicts the 
total impacts for the three different vehicle configura-
tions under the described conditions.

Fig. 9 Sensitivity of ´climate change potential’ to different energy densities and electricity mixes for the Mg–S battery, represented as the shaded 
area. (Mg–S EV). Values for LIB EV and ICEV presented as reference. ED Energy density, RN Renewable electricity (50% wind–50% solar)
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A look into the GWP suggests that the EVs outperform 
the ICEV in any scenario. In addition, the use of renew-
ably sourced electricity to charge the EVs drastically low-
ers the total impacts. For the Mg–S vehicle, when system 
efficiency decreases to EFF = 0.8, greenhouse gas emis-
sions increase by approximately 2500  kg  CO2-eq (if the 
baseline electricity mix is used), regardless of energy den-
sity. Regarding the ICEV, the use of B20 diesel has little 
influence on the impacts, but substituting regular diesel 
with B100 could lead to a reduction of ~ 13% of the total 
GWP. This can be attributed mostly to the carbon cap-
turing process during the growth of biomass (e.g. rape-
seed, soybean, etc.) used for fuel synthesis. With regards 

to the acidification potential, the impacts of the EVs 
slightly decrease when using renewable sources instead 
of the fossil intensive energy mix. For ICEVs, because 
of the acidifying potential of ammonia used in fertiliz-
ers for biomass harvesting, the impacts in this category 
drastically increase with the use of biodiesel. In resource 
depletion, little variations can be observed between sce-
narios. This is partly due to the little contributions that 
the use-phase has in this category. On top of that, the 
Mg–S battery pack is, in principle, not resource-critical, 
retaining this character even when pack size increase as 
consequence of lower energy densities. ICEVs perform 
better than the EVs in this category because of their 

Fig. 10 Results of the sensitivity analysis for EVs and ICEV. EFF overall EV efficiency (influenced by charge/discharge efficiency of the battery), 
Baseline Electricity mix Germany 2030 (EVs) and fossil diesel (ICEV), RN Renewable energy 50/50 solar–wind, B100 Diesel 100% biodiesel, B20 
80% biodiesel / 20% fossil diesel, % Energy density percentage of the Mg–S battery energy density in the baseline (158.8 Wh/kg) to account 
for uncertainty. For the Mg–S EV, results are presented as a range of potential values (striped area) according to system efficiency EFF (0.8–0.95) 
and energy density (50–100% of baseline value)
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simpler and less resource intensive construction. Simi-
larly, little fluctuations are observed in ´particulate mat-
ter´ given that the contributions of the use-phase have 
origin in several sources beyond energy carrier, thus 
changes in the supply chain of fuel (ICEV) or energy mix 
(EVs) have minor effects on the total impacts. The most 
significant variations can be seen in the B100 scenario for 
the ICEV, related to land transformations for the harvest-
ing of biomass, and in the poorly performing scenarios of 
the Mg–S EV, associated with a larger battery pack and 
consequently higher demand for Magnesium sourced in 
China.

Discussion
It must be emphasized that the Magnesium battery ana-
lyzed herein corresponds to an ideal model based on a 
prototype cell distant from market readiness. Further 
research is necessary to overcome the technological con-
straints that currently limit the performance of this sys-
tem. The present analysis has an optimist character that 
neglects some of these limitations relying on techno-
logical innovation to materialize the assumptions made. 
A discussion from a prospective point of view provides 
only indicative results that are subject to a large degree of 
uncertainty but that may highlight relevant issues as well 
as potential advantages and disadvantages of the system.

The analysis of the battery pack indicates that produc-
tion of magnesium for the anode contributes largely to 
the total impacts in several categories. This large contri-
bution is associated mostly with the market-dominating 
route (Pidgeon process) for production which takes place 
in China. Market expansion achieved by introducing 
cleaner suppliers as well as by increasing the share of sec-
ondary material i.e. recycled Magnesium could partially 
mitigate these impacts. With respect to resource critical-
ity, the use of abundant materials make the Mg–S bat-
tery a promising technology, bearing just about a quarter 
of the impacts of the reference LIB pack. Nevertheless, 
despite its widespread abundancy on the Earth’s crust 
[67], Magnesium is considered a critical material by the 
European Union [77]. Conventional LCA methods do not 
reveal this situation since they determine resource criti-
cality based on the estimated reserves on in the Earth’s 
crust and material extraction rates. However, these meth-
ods do not consider the effects from external factors such 
as international trade regulations, resource distribution, 
social/political instability, etc. that could impact the 
supply chain. In particular, the criticality of magnesium 
arises primarily from the uneven concentration of pro-
duction plants, which creates dependency on imports. 
Global production of magnesium is heavily concentrated 
in China, which controls over 83% of the market [67, 78]. 
Advantageous local conditions allow for low production 

costs leading this country to dominate the market [79]. 
Europe imports about 93% of its total demand from 
China [77], leading to significant dependency on a single 
supplier. If the demand for Magnesium were to increase 
as a consequence of introducing Mg based batteries into 
the market, potential supply risks may arise. Therefore, 
strategies to diversify the supply chain such as incentiviz-
ing domestic production or recycling may become essen-
tial to mitigate this issue [80].

In general, the results suggest that the Mg–S system 
could play a significant role in the decarbonisation of the 
transportation sector. Based on optimistic assumptions, 
this type of battery could perform comparably or even 
better than the reference systems. Overall superior per-
formance was found in GWP and acidification potentials, 
attributed mainly to the lesser criticality of the supply 
chain of electrode active materials. In resource criticality, 
the Mg–S EV outperforms the LIB EV but entails higher 
impacts than the ICEV. The manufacturing of an electric 
vehicle is more resource-intensive than that of an ICEV 
due to the additional components in the powertrain, on 
top of the additional resources needed for the battery 
pack. However, the analysis of the end-of-life phase of the 
vehicles has been left out of the study due to insufficient 
knowledge of potential pathways for the processing of the 
Mg battery. In addition, the cutoff version of Ecoinvent 
3.8 has been used to model the elements in the back-
ground considering use of primary materials. If recycling 
and use of secondary materials were to be considered, 
the impacts of glider and powertrains would be largely 
compensated for any vehicle and battery recycling would 
become crucial to quantify the environmental impacts of 
the EVs. Recycling of LIBs has already been the subject 
of different studies [11–13, 15], which identified large 
potential for environmental impact mitigation while also 
indicating that the benefits and economic viability highly 
depend on the battery composition and valuable ele-
ments within it. For magnesium batteries, the abundancy 
and consequently the low cost of the resources used may 
pose economic challenges for the establishment of a 
dedicated recycling industry. Little profit could be made 
from recovery of basic components, and it is uncertain to 
which degree the intrinsic environmental impacts of the 
recycling activity could be mitigated. To make recycling 
cost-effective, the revenue of material extraction must be 
higher than the costs of recycling itself, which has been 
proven already difficult for other emerging markets such 
as recycling of SIBs, for which costs of pyrolysis- and 
hydrometallurgy-based recycling are comparable or even 
higher than the practical revenue of elemental extraction 
[81, 82]. Due to the uncertainty surrounding the devel-
opment of the Mg–S system, it is unfeasible to propose 
a plausible recycling model at this stage. However, a key 



Page 14 of 17Pinto‑Bautista et al. Energy, Sustainability and Society           (2024) 14:44 

strategy to enhance the economic viability of recycling 
would be to consider design for recycling already during 
the development stages of this technology. This could be 
achieved, for instance, by using more simple architec-
tures that facilitate material separation and enable low 
effort and effective recycling. An example of a simpler 
design can be found in [83], where the authors describe a 
SIB containing a single current collector, which ultimately 
allows for high material recovery rates at low costs. In 
this sense, easy recovery of magnesium foil could par-
tially alleviate the criticality associated to import depend-
ency of this material and associated environmental 
impacts caused by primary production. Another example 
of design for recycling is to use water-soluble binders that 
can be easily removed in contrast to conventional bind-
ers, or the exclusion of toxic components, which would 
simplify the material separation steps [84].

From the sensitivity analysis, it can be inferred that the 
impacts of the use-phase are heavily influenced by the 
composition of the electricity mix used to charge bat-
teries. In general, battery efficiency becomes less critical 
with a higher penetration of renewables, where contri-
butions from the use-phase also diminish. In the case of 
lower energy densities, despite the additional emissions 
arising from higher energy demand in heavier vehicles, a 
very slight increase in the total impacts can be observed. 
The sensitivity analysis was conducted for average driving 
behavior and weather conditions, which could be further 
complemented by considering the effects of other condi-
tions beyond the average, as well as considering the influ-
ence of specific events such as cold starts.

Conclusion
In this study, the environmental profile of a theoretical 
Magnesium–Sulfur (Mg–S) used in electromobility has 
been evaluated from a prospective view. This analysis 
has been performed based on a prototype and a series 
of optimistic assumptions that do not correspond to the 
performance of the Mg–S battery at its current state. 
The premise is that, with further research, this tech-
nology could eventually overcome the current techni-
cal constraints that hamper its performance. With a 
focus on its environmental sustainability, the potential 
impacts have been analyzed into detail in four catego-
ries of concern: climate change, acidification, particu-
lar matter and resource criticality (other categories are 
presented in the SI). In the analysis of a battery pack, it 
was found that the Magnesium anode and its respective 
supply chain are the main drivers of environmental bur-
dens, mostly related to the primary production pathway 
of Mg that takes place in China. Additional concerns 
are associated with the uneven geographical distribu-
tion of Mg production, which leads to dependency on 

few producers located mostly in China. Decentralized 
market expansion and recycling could become vital 
tasks to promote a more sustainable character of this 
technology in the case of an eventual rollout. A com-
parison with an LIB suggests that, when considering 
resource criticality, the Mg–S battery carries signifi-
cant advantages, while still performing on a competi-
tive level in other categories. A look into the use-phase 
via theoretical implementation in an electric vehicle 
(EV) also suggests that the magnesium-based EV could 
perform at a comparable level to an LIB EV, also out-
performing conventional ICEVs in several categories 
with the exception of resource depletion. The absence 
of a battery pack and simpler power train composition 
grants ICEVs advantages over EVs in this category. The 
establishment of a battery recycling industry with high 
recovery rates could mitigate this issue. Lastly, if the 
technical challenges found at the current stage of devel-
opment are overcome, the Mg–S battery could become 
an attractive alternative for the energy and mobility 
transition. Further research on new materials is still 
necessary, and a continuous assessment hand-in-hand 
with technology developers is also needed to ensure the 
sustainable character of this type of battery.
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