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ABSTRACT This study evaluates the environmental, economic, and social impacts of the life cycle of a
battery pack for automotive applications. The analysis employs Life Cycle Assessment (LCA) for environ-
mental assessment, Life Cycle Costing (LCC) for economic assessment, and Social Life Cycle Assessment
(S-LCA) for social impact analysis. Key locations of non-European raw material extraction and refining are
considered for the supply chain. Instead, European countries are considered the final destination for battery
pack manufacturing and assembly, use, and End-of-Life (EoL). For the use and EoL phases, three scenarios
are analyzed. The LCA results indicate that greenhouse gas emissions vary from 77.2 kg CO; -eq/kWh to
80.7 kg CO;-eq/kWh across the evaluated scenarios. Similarly, the economic assessment estimates LCCs
between 77.7 EUR/kWh and 79.4 EUR/kWh, depending on the scenario. The S-LCA results highlight
significant risks related to fair pay across numerous countries during the raw material extraction phase,
particularly for cobalt (Democratic Republic of the Congo), manganese (South Africa), nickel (Australia),
lithium (Australia), and graphite (China). In addition, the score for health and safety concerns presents high
risks associated with cobalt, manganese, and nickel mining. In contrast, no significant critical social impacts

are found for the use and EoL phases.

INDEX TERMS Life cycle assessment (LCA), life
(S-LCA), battery, electric vehicles.

cycle costing (LCC), social life cycle assessment

I. INTRODUCTION

The goal of sustainable development is to ensure human well-
being for present and future generations. Various methodolo-
gies support Life Cycle Sustainability Assessment (LCSA),
including Social Life Cycle Assessment (S-LCA) for social
impacts, Life Cycle Assessment (LCA) for environmental ef-
fects, and Life Cycle Costing (LCC) for economic factors [1].
The novelty of this research lies in its comprehensive inte-
gration of LCA, LCC, and S-LCA applied to electric vehicle
battery systems, which addresses a critical gap in the existing
literature.

A systematic review of studies published between
2016 and 2024 was carried out using specific keyword
combinations. The first query, “lca AND lcc AND (slca OR
s-Ica)”, returned 100 articles, providing an overview of the

prevalence of studies integrating all three methodologies
without focusing specifically on the automotive sector.
In [2], the authors conducted a systematic literature
review on the application of LCSA in the automotive
sector, analyzing 18 automotive-related case studies in
the 2008-2023 timeframe. These findings underscore the
limited adoption of full LCSA frameworks in the automotive
sector (18 out of 100). The review highlighted significant
discrepancies across studies, primarily due to the absence of
a harmonized methodological approach. These discrepancies
include differences in functional units, system boundaries,
indicator selection across the three sustainability pillars,
result interpretation, databases used, selective aggregation
of results, and the application of multi-criteria decision
analysis methods [2]. In [3], [4], [5], [6], [7], [8], [9],
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[10], battery electric vehicles (BEVs), fuel cell electric
vehicles, and internal combustion engine vehicles are evalu-
ated at vehicle level, considering the three pillars of sustain-
ability. In [11], [12], [13], [14], [15], LCSA is applied to the
production and use of fuels and electricity for road transport.
In [16], [17], the analysis is moved to the component level,
addressing alternators and vehicle dashboards. These findings
underscore that past publications have predominantly focused
on vehicles, often comparing different powertrain technolo-
gies, while batteries have not been commonly analyzed [2].

Only two studies have been found that focus on the appli-
cation of LCSA on batteries. In [18], current and prospective
battery technologies for electric vehicles are evaluated under
environmental and socio-economic assessments. Results are
reported per battery pack, assuming 80 kWh battery capac-
ity, and a mileage of 150,000 km within a use period of
10 years. The three assessments are all conducted on the
cradle-to-gate boundary. In [19], lithium-ion batteries with
nickel-manganese-cobalt (NMC) cathode and iron-phosphate
cathode for use in electric vehicles are compared under LCSA
methodology. Results are reported per battery pack, assuming
150,000 km in a 10 years battery lifespan. While a cradle-
to-grave boundary is assumed for LCA and LCC, S-LCA is
evaluated for the manufacturing step only.

The second query, “(Ica OR lcc OR slca OR s-lca) AND
ev”, identified 360 articles that focus on at least one of the
three methodologies and apply it to electric vehicles. In [20],
LCA is applied to evaluate a magnesium battery for potential
use in electric vehicles. In [21], [22], several powertrain types
for cars and buses are compared, focusing on the environmen-
tal pillar. In [23], [24], [25], different vehicles are evaluated,
focusing on the economic pillar, sometimes considering the
Total Cost of Ownership (TCO) method as in [23], sometimes
considering the LCC method as in [25]. In [25], [26], both
environmental and economic pillars are considered to evaluate
electric vehicles [25] and batteries [26]. The query “(slca OR
s-lca) AND ev”, aimed at identifying social life cycle analyses
specific to electric vehicles, returned three studies [18], [27],
[28]. The most recent is [27], where social life cycle impact
assessment from cradle to grave is applied to an electric vehi-
cle lithium-ion battery.

Furthermore, NMC cathodes are analized under LCA in
13 articles, under S-LCA analysis in 3 articles, under a
more comprehensive LCSA in 2 articles. Specifically for the
NMCS811 cathode, the search “nmc811 AND Ica” resulted in
12 articles, including [29], which identifies the processing
phase as the main source of environmental impacts in the
cobalt production chain.

As a summary, only a limited number of articles fully incor-
porate the three methodologies, especially when batteries are
concerned. Lastly, significant methodological inconsistencies
were identified, particularly in terms of metric comparability
and system boundary alignment. This study builds on these
findings by providing a holistic and harmonized assessment
framework that considers the entire battery pack life cycle
from cradle to grave.
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Il. METHODOLOGY

Hereafter, all assumptions shared across LCA, LCC, and
S-LCA are presented, while pillar-specific assumptions are
detailed in the following sub-sections. This study assesses the
sustainability of a 518 kg, 75 kWh lithium-ion battery pack
by assessing its economic, environmental, and social impacts.
The 75 kWh battery pack was selected as a representative
value for a mid-size battery electric vehicle, which constitutes
a large share of the current EV market in Europe. The battery
features a graphite anode and an NMC811 cathode. Sustain-
ability is analyzed using LCC for economic evaluation, LCA
for environmental impact, and S-LCA for social implications.
The assessment, whether LCA, LCC, or S-LCA, considers al-
ternatively 1 battery pack and 1 kWh of battery pack capacity
as the functional unit and follows a cradle-to-grave approach.
This includes raw material extraction, processing, utilization,
and End-of-Life (EoL). The mass breakdown of the compo-
nents was based on [30], [31]. The anode and cathode were
broken down into their respective processing stages. For the
anode, the transformation of raw graphite into concentrated,
spherical, and purified forms, including the application of
coatings, was considered based on [32]. The material break-
down of the cathode was based on [31]. For logistics, all
transport distances have been quantified in tonnes-kilometers.
For rail transport, diesel trains have been assumed due to their
prevalence in certain regions. Although this assumption holds
for African countries and China, it is less accurate for Europe,
where approximately 60% of the freight trains operate on
electric power [33], but conservative.

A. SCENARIO SET-UP

For the use phase, three scenarios have been identified based
on country-specific electricity mixes and average annual driv-
ing distances. To set-up the scenarios, the following criteria
have been considered: (1) charging station availability, (2)
BEV-to-charger ratio, and (3) charging costs. According to the
first criterion, the five EU countries with the highest number
of charging stations were Germany and France (17% each),
the Netherlands (16%), Belgium and Italy (6% each). Ger-
many, France, the Netherlands, Belgium, and Italy account for
62% of the EU charging points. In addition, countries were
grouped according to the second criterion— ratio of electric
vehicles to charging points— with Germany representing the
highest BEV-to-charger ratio, France-Italy mid-range, and the
Netherlands-Belgium the lowest. Lastly, the third criterion
was also taken into account, but no significant differences
were found among the considered countries. The scenarios
were set up primarily on the basis of the first criterion, but
countries were grouped considering a reasonable balance with
the other two criteria (Table 1). A sample of 240 EVs was
analyzed [34], estimating a 75 kWh battery pack’s efficiency
at 177.9 Wh/km. Since this value reflects the overall con-
sumption of the vehicle, the delta approach [35] was applied
to consider the specific share of consumption of the battery,
calculated as 3.6 Wh/km. Then, two additional factors were
considered, namely the average annual driving distance and
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TABLE 1. Use Phase Scenarios (S)

S Assumptions
Country Charging BEV-to- Average charging
points % | charger ratio cost (€/kWh)
1 France 17 7.87 0.45
Italy 6 5.86 0.50
2 Germany 17 14.11 0.53
Netherlands 16 3.73 0.53
Belgium 6 4.26 0.55
TABLE 2. End-of-Life Scenarios (S)
Country Representative Original Electricity
company process cost
(€/kWh)
1 Sweden Northvolt Hydrometallurgy 0.015
Ungary SungEel Hitech Combined 0.141
Pyro-hydro
2 | Netherlands TES-AMM Combined 0.164
Pyro-hydro
France Recupyl Hydrometallurgy 0.168
Belgium Umicore Combined 0.205
3 Pyro-hydro
Germany Primobius Hydrometallurgy 0.227

the battery life. For the annual driving distance, 2022 data
were obtained from [36] and used to calculate a weighted
average distance for the five selected countries, based on their
respective populations. Since data for Belgium were not avail-
able, the EU-wide average was used as a proxy. An eight-year
battery life has been considered based on the warranty period
usually provided by manufacturers.

Recovery of critical materials is essential not only for en-
vironmental sustainability, but also for EU regulatory compli-
ance. Specifically, Article 8, paragraphs 2 and 3 of Regulation
2023/1542 [37] require that by August 18, 2031, the minimum
percentage of recovered materials in new batteries must be
16% for cobalt, 6% for nickel, and 6% for lithium. In addition,
by August 18, 2036, these targets will increase to 26% for
cobalt, 12% for nickel, and 15% for lithium.

Similarly to the use phase, the EoL phase is analyzed un-
der three different scenarios that differ according to recycler
countries with consequences derived from the different elec-
tricity mixes (Table 2). To set up the scenarios, EU companies
operating in the recycling sector were identified. Based on
their country of operation, three scenarios were established,
considering both the recovery rates of specific materials and
the environmental and economic effects of recovery opera-
tions. First, the recovery technique used by each company
was identified. These techniques fall into two main categories:
hydrometallurgical and pyrometallurgical processes. Among
these, the hydrometallurgical process was selected for anal-
ysis and kept constant across scenarios. Material and energy
flows, and recovery rates were taken from [38] considering
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the scenario based on the hydrometallurgical data of [39].
The same methodological approach was applied across all
scenarios, ensuring that the recovery technique, and costs
associated with the energy and ancillary materials used in
the recycling process are kept constant. The economic benefit
of material recovery is evaluated as a cost-saving mechanism
that reduces the need for the extraction of new raw materials.
For each recovered material, extraction and processing costs
were identified and multiplied by the corresponding recovered
mass.

For emissions related to logistics along the supply chain,
the identification of the main producers and refiners of the
materials of interest is based on [40], [41], while [42] and [43]
have been used to calculate the land and sea routes. For each
component of the battery pack, the main materials have been
identified. Subsequently, for each material, the processing
steps that the material undergoes before being assembled into
the battery pack were identified. For the cathode, the follow-
ing raw materials have been analyzed: cobalt sulfate, nickel
sulfate, manganese sulfate, and lithium hydroxide (from spo-
dumene). The cathode production process was assumed to
take place in China because it holds more than 90% of the
global cathode production volumes, but also because it holds
most of the supply agreements [44]. Cobalt sulfate is assumed
to be derived from the Democratic Republic of Congo (DRC)
because the share of extraction in the DRC constitutes more
than 70% of the total [40]. In addition, about 75% of the re-
fining processes are carried out in China [40]. To estimate the
distance of transport, a representative mining site located in
Lubumbashi has been assumed based on [45]. The chosen site
is the most representative both because it is part of Chinese
investments and because it has a railway connection. Among
the ports of interest (Durban, Dar es Salaam, Beira), which are
connected to the mining sites and the eastern ports, Durban
has been taken as a reference, being the only one connected
by rail among the three and the main one for cobalt exports
according to [46]. The distance between the extraction site
and the port is about 2520 km, assuming a rail connection.
The port considered for cobalt imports in China is the port
of Shanghai, because it is also one of the main ports for
the unloading of goods of this type [47]. Once it arrives
in Shanghai, it is assumed that cobalt sulfate is transported
to Changsha in Hunan province for the production of the
cathode, because this is the province where the production
is the most concentrated and the city of Changsha has the
main plants in the country [48]. Over 70% of global bat-
tery cell production occurred in China as of 2019 [49]. In
contrast, this study assumes that both cell production and
battery pack assembly take place in France. The choice of
France for battery pack assembly reflects current industrial
practices in Europe, where vehicle manufacturers typically
import cells or modules and assemble battery packs locally to
meet specific vehicle requirements. Instead, the assumption of
European-based cell production—specifically in France—was
made to reflect the significant ongoing investments and policy
initiatives aimed at establishing a competitive and sustainable
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TABLE 3. Raw Material Extraction and Logistic Assumptions
Departure site Arrival site Distance (km) Carrier
2520 to Durban port; train
CoSO4 Lubumbashi (DRC) Changsha (CN) 12295 to Shanghai port; ship
1016 to Changsha train
neglected; -
NiSO4 Palapo Sulawesy (ID) Changsha (CN) 4769 to Shanghai port; ship
1016 to Changsha train
976 to Durban port; train
MnSO4 Hotazel (ZA) Changsha (CN) 12295 to Shanghai port ship
1016 to Changsha train
248 to Fremantle port; train;
LiOH Mt. Holland mine Bridgetown (AU) | Changsha (CN) 7421 to Shanghai port; ship;
1016 to Changsha train
1016 to Shanghai port train
All precursors Changsha (CN) Douvrin (FR) 19622 to Rotterdam port ship
192 to Douvrin train
1256 to Shanghai port train
Natural graphite Shanxy (CN) Douvrin (FR) 19622 to Rotterdam port ship
192 to Douvrin train
1384 to Shanghai port train
EC, DMC Guangdong (CN) Douvrin (FR) 19622 to Rotterdam port ship
192 to Douvrin train
192 to Shanghai train
LiPFg Zhejiang (CN) Douvrin (FR) 19622 to Rotterdam port ship
192 to Douvrin train
Plastics Weinheim (GE) Douvrin (FR) 496 to Douvrin train
Cu sheets Tatabdnya (HU) Douvrin (FR) 1352 to Douvrin train
Al sheets Grevenbroich (HU) Douvrin (FR) 312 to Douvrin train
Al plates Singen (GE) Douvrin (FR) 616 to Douvrin train
Steel Linz (AT) Douvrin (FR) 992 to Douvrin train

battery manufacturing ecosystem within the EU. In particular,
we refer to the Automotive Cells Company (ACC) gigafactory
inaugurated in France in 2023 as a representative facility [50].
Similar reasoning has been performed for the other logistic
assumptions based on [40], [46], [47], [50], [51], [52], [53],
[54], [55] (Table 3).

B. LIFE CYCLE COSTING

The development of the LCC model in this study was
structured into the following key phases: 1) identification
of material costs sourced in the upstream phase of the
life cycle; 2) collection of energy cost data by country;
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3) collection of fuel cost data by country; 4) calculation of
logistics costs for material transportation; 5) identification
of costs for the end-of-life phase, 6) differentiation of cost
scenarios based on country-specific energy prices; 7) es-
timation of secondary material residual value. Additional
costs—such as capital equipment, labor, value-added taxes,
and manufacturer profit margins—were not included in this
analysis. According to [26], these excluded costs account
for approximately 30% of the total battery production cost.
The market prices of the materials were obtained from var-
ious sources [56], [57], [58], [59]. The electricity price data
for each country was mainly obtained from [60], with the
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exception of Sweden, where [61] was used. All values, ex-
pressed in EUR/kWh, refer to the industrial electricity market
and are based on prices recorded on 30 September 2024.
In addition to electricity prices, fuel prices were collected
for the relevant countries from [60] based on data recorded
on September 30, 2024. Further consideration was given to
the primary fuels used in maritime and air transport: heavy
fuel oil (HFO) for cargo ships and kerosene for aviation.
Fuel prices were obtained from [62] for HFO and [59] for
kerosene, both subject to market fluctuations. For maritime
transport, HFO prices are typically reported as USD/T for the
four major ports, with an average calculated for the four top
ports and the twenty top ports. This study adopts the top 20-
port average, converted and expressed in EUR/T. Similarly,
kerosene prices, initially reported as USD/kg, were converted
into EUR/T. Price data for both HFO and kerosene were taken
on 4 November 2024. In this study, LCC results are expressed
in EUR per kWh of battery capacity, aligning with the func-
tional unit commonly used in battery LCAs. It is important to
note that these costs are not annualized, and no amortization or
discounting of investments has been applied. The EUR/kWh
values reflect the total life cycle costs allocated per unit of
battery capacity, without consideration of time-based financial
flows. This approach facilitates comparability with environ-
mental indicators calculated using the same functional unit.

C. LIFE CYCLE ASSESSMENT

The assumptions underlying the LCA analysis are presented
in this section, where not already detailed in the previous
sections, to avoid repetition. To evaluate the environmental
impacts of the battery pack, the LCA methodology has been
used according to ISO 14040 and ISO 14044 standards [63],
[64]. The software used for the LCA analysis is SimaPro [33],
in conjunction with the Ecoinvent database [65]. The adopted
life cycle impact assessment method is the Environmental
Footprint (EF) 3.0, which includes a broad set of environmen-
tal impact categories. The most relevant categories resulted to
be the following: use of mineral and metal resources, fresh-
water ecotoxicity, climate change, acidification, and the use
of fossil resources.

D. SOCIAL LIFE CYCLE ASSESSMENT

This study performs a S-LCA to evaluate the social impacts
of a battery pack. S-LCA follows the UNEP guidelines [1]
and the standard ISO 14075 [66]. Stakeholder categories are
defined based on life cycle stages: “workers” and “society”
are considered for raw material extraction, production, and
recycling, while “consumers” and “society” are assessed for
the use phase. For the impact assessment, a reference scale as-
sessment approach is used. This method uses a reference scale
to categorize specific intensity levels of social attributes [66].
Each indicator is assigned a risk value on a scale from 1 (low
risk) to 4 (very high risk). In cases where data are unavailable
for certain subcategories within a country, a risk value of 4 is
assigned to account for the lack of information and ensure a
precautionary approach.
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The production phase considers key extraction locations of
raw materials as in Table 3. Workers and society are chosen as
the main stakeholder categories. For workers, the following
impact subcategories are considered based on [67]: freedom
of association, child labor, fair pay, hours of work, forced
labor, health and safety, and social security. The freedom of
association indicator evaluates the extent to which workers
can form and join trade unions. It is measured on a scale
from 0 to 10, where O signifies maximum freedom, and 10
represents the highest level of restriction. Among the coun-
tries analyzed, China exhibits the highest restriction (i.e.,
9.1), while Austria demonstrates the highest level of freedom
(i.e., 0.2). Regarding child labor, the value is expressed as
a percentage and DRC has the highest reported prevalence,
with 15.1% of children engaged in labor. In contrast, data
on child labor are unavailable for China. The fair pay indi-
cator measures the wage disparity between men and women,
expressed in purchasing power parity (i.e., PPP $). In many
countries, data on this indicator are unavailable, including the
DRC, Indonesia, Australia, and China. The lowest value is
found in southern Africa. With regarding to weekly working
hours, the highest value is recorded in China. Forced labor is
measured using the Global Slavery Index. According to [68],
estimates of prevalence per thousand people and the total
number of affected individuals were calculated based on both
individual and country-level risk factors for modern slavery.
The highest values are reported in the DRC, Indonesia, and
Hungary. Workplace safety is assessed by considering the
number of occupational accidents. Data is unavailable for the
DRC, Indonesia, and Southern Africa, while China reports
the highest incidence, with 1,539.5 non-fatal occupational
injuries per 100,000 workers in Hong Kong and Macau. The
final indicator is social security, defined as the proportion of
the population not covered by at least one social protection
benefit. The DRC records the highest value, with 94.8% of
the population lacking coverage. For society, the following
impact subcategories are considered: technological develop-
ment, corruption and public commitments to sustainability. In
the case of technological development, the global innovation
index is examined, that is an annual ranking of countries by
their capacity for, and success in, innovation, published by
the World Intellectual Property Organization. The corruption
is based on Corruption Perceptions Index in [69]. Lastly, the
Environmental Performance Index (EPI) is considered to eval-
uate the public commitments to sustainability. Overall, the
EPI determines the degree to which a country works toward
mitigation of climate change, ensuring ecosystem vitality, and
maintaining environmental health [70]. For the use phase,
the subcategories considered are consumers and society. The
evaluation of consumer-related aspects focuses exclusively
on health and safety. From the consumer perspective, this
criterion is assessed based on the presence or absence of
key consumer protection measures identified by [71], includ-
ing the establishment of a designated consumer protection
contact point, the existence of comprehensive consumer pro-
tection laws, the presence of a dedicated regulatory authority

VOLUME 6, 2025



IEEE Open Journal of

Vehicular Technology

TABLE 4. Life Cycle Phases and Total Costs for Different Combined
Scenarios

TABLE 5. Life Cycle Phases and Total CO,-Eq Emissions for Different
Combined Scenarios

Life cycle phases | Scenario 1-1 | Scenario 1-2 Scenario 1-3

Extraction and

. 5704 5704 5704
production
Logistics 2.07 2.07 2.07
Use 1334 133.4 1334
EoL -10.4 41.84 63.28
Total EUR 5829 5882 5903

Life cycle phases | Scenario 2-1 | Scenario 2-2 Scenario 2-3

Extraction and

. 5704 5704 5704
production
Logistics 2.07 2.07 2.07
Use 185.9 185.9 185.9
EoL -10.4 41.84 63.28
Total EUR 5882 5934 5956

Scenario 3-1 | Scenario 3-2 Scenario 3-3

Extraction and

. 5704 5704 5704
production
Logistics 2.07 2.07 2.07
Use 161.9 1161.9 161.9
EoL -10.4 41.84 63.28
Total EUR 5858 5910 5932

Table structure: Combined scenarios 1-1, 1-2, 1-3 share the use phase
assumptions (France-Italy); Combined scenarios 1-1, 2-1, 3-1 share the
EoL assumptions (Sweden) (see Tables 1-2).

overseeing consumer protection, and the implementation of
research and analytical initiatives focused on consumer pro-
tection. For each country, the presence of these consumer
protection measures was indicated with a value of 0, while
their absence was marked with a value of 1. Notably, only
Italy and Germany received a value of 1, indicating a lack
of research and analytical initiatives related to consumer pro-
tection. For the society as stakeholder, corruption and public
commitments to sustainability are evaluated. For the end-of-
life phase, workers and society are identified as the primary
stakeholder categories. For workers, the assessment includes
the same impact subcategories considered in the production
phase (i.e., freedom of association, child labor, fair pay, work-
ing hours, forced labor, health and safety, and social security).
Instead, for society, the study considers technological devel-
opment, corruption, and public commitments to sustainability.
Among this phase, the most concerning issues include inade-
quate fair pay in Hungary, significant health and safety risks
in France due to a high rate of work accidents (i.e., there were
3,043 non-fatal incidents per 100,000 workers), and a poor
score on the Corruption Perceptions Index in Hungary.

IIl. RESULTS

Figs. 1-2 show the greenhouse gas (GHG) emissions and LCC
results of the combined scenarios. Fig. 1 shows the results per
battery pack, while Fig. 2 shows the results per 1 kWh battery
capacity.

VOLUME 6, 2025

Life cycle phases | Scenario 1-1 | Scenario 1-2 Scenario 1-3

Extraction and

6128 6128 6128
production
Logistics 41.6 41.6 41.6
Use 66.9 66.9 66.9
EoL -444 -329 -313
Total kg CO2-eq 5793 5908 5924

Life cycle phases | Scenario 2-1 | Scenario 2-2 Scenario 2-3

Extraction and

6128 6128 6128
production
Logistics 41.6 41.6 41.6
Use 199 199 199
EoL -444 -329 -313
Total kg CO2-eq 5925 6040 6056

Scenario 3-1 | Scenario 3-2 Scenario 3-3

Extraction and

6128 6128 6128
production
Logistics 41.6 41.6 41.6
Use 131 131 131
EoL -444 -329 -313
Total kg CO2-eq 5857 5972 5988
Table structure: Combined scenarios 1-1, 1-2, 1-3 share the use phase
assumptions (France-Italy); Combined scenarios 1-1, 2-1, 3-1 share the
EoL assumptions (Sweden) (see Tables 1-2).
TABLE 6. Results of the LCA in the Combined Scenario 1-1
Impact Results
category
Extraction,
Total Production, Use EoL
& Logistics
Climate
change 5.79E3 6.17E3 6.69E1 -4.44E2
(kg CO2¢4)
Use of mineral
and metal 1.16E0 1.24E0 2.53E-4 | -7.67E-2
resources (kg Sbeg)
Freshwater
ecotoxicity 4.94E5 5.42ES 1.37E3 -5.01E4
(CTUe)
Acidification 6.60E1 1.16E2 3.22E-1 -5.02E1
(mol H+eq)
Use of fossil 8.61E4 8.80E4 2.66E3 -4.47E3
resources (MJ)

Results obtained considering scenarios 1 for use and recovery.

The results show that life cycle costs range between 77.7
EUR/kWh and 79.4 EUR/kWh. The extraction and production
phases account for more than 90% of the total costs, while
logistic costs were negligible. The costs of the use phase
vary by country, with France-Italy being the cheapest (133.4
EUR/batterypack) and Germany the most expensive (185.9
EUR/batterypack) (Table 4).

The LCA results indicate that the GHG emissions range
between 77.2 kg CO, -eq/kWh and 80.7 kg CO, -eq/kWh,
depending on the scenario (Fig. 1). The use and EoL phases
are electricity mix-dependent, with Italy-France having the

1703



ACCARDO ET AL.: INVESTIGATING LIFE CYCLE COST, ENVIRONMENTAL AND SOCIAL IMPACTS OF A LITHIUM-ION BATTERY PACK

TABLE 7. Social Assessment in the Main Producing Countries of the Raw Materials Used in Battery Pack
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TABLE 8. Social Assessment in the Countries Considered for Use Phase

Stakeholder
Subcategories FR | IT | GE | BE | NL
category
Safe and security
Consumers Publi tment
mmitmen
ic co. 1. : el 2 ) 2 2 )
to sustainability
Society Corruption 2 2 2
FR: France; IT: Italy; GE: Germany; BE: Belgium; NL: Netherlands

TABLE 9. Social Assessment in the Countries Considered for End-of-Life
Phase

Stakeholder

Subcategories | SE | NL | FR | HU | BE | GE
category

Freedom to
associate
Child labor
Fair pay
Workers Work hours 2 2 2 2 2
Forced labor 2
Health and
safety
Social
security
Technological
development

Corruption 2 2
Public
commitment

Society

to

sustainability
SE: Sweden; NL: Netherlands; FR: France; HU: Hungary; BE: Belgium;
GE: Germany

lowest use phase impact (66.9 kg CO, -eg/batterypack), Ger-
many the highest (199 kg CO, -eq/batterypack), and Sweden
being the most sustainable in the EoL contribution (—444 kg
CO»-eq/batterypack) (Table 5).

The best combined scenario for LCC turned out to be
the one in which the vehicle is used in France or Italy and
the battery pack is recycled in Sweden (Scenario 1-1). This
optimal combination resulted in a total battery cost of 5829
EUR. Specifically, in the Swedish recycling scenario, the fi-
nancial return compensates 5.73% of the associated costs,
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TABLE 10. Social Assessment Across Life Cycle Phases Under Different Scenarios
i Scenario
Life cycle phase | Stakeholder Impact subcategory a2 13
i ’ T2 |22 23
31| 32| 33
Freedom to associate
Child labor 2 2 2 2 2 2
Fair pay
. Workers Work hours 2 2 2 2 2 2
Raw material
X Forced labor
extraction and
K Health and safety
manufacturing - -
Social security 2 2 2 2 2 2
Technological development 2 2 2 2 2 2
Society Corruption 2 2 2 2 2 2
Public commitments to sustainability 2 2 2 2 2 2
Consumers Safe and security
Use phase . Public commitments to sustainability 2 2 2 2 2 2
Society -
Corruption 2 2 2
Freedom to associate
Child labor
Fair pay 2 2
Workers Work hours 2 2 2 2 2 2
Forced labor
EoL
Health and safety 2 2 2 2
Social security
Technological development
Society Corruption 2 2 2 2
Public commitments to sustainability l 2 2 2 2 2 2

demonstrating a potential economic advantage in the hy-
drometallurgical recycling process under certain conditions.

The best combined scenario for GHG emissions turned out
to be the so-called Scenario 1-1, namely the one in which the
vehicle is used in Germany and the battery pack is recycled
in Sweden. This optimal combination resulted in total battery
GHG emissions of 5793 kg CO,-eq.

Table 6 shows the LCA results of the best scenario com-
bination selected based on Figs. 1-2. Results are given per
battery pack. The production phase (extraction, production
& logistics) has the highest GHG emissions (6170 kg CO;-
eqg/batterypack) due to the raw material extraction.

Table 7 shows the social risk in the main producing coun-
tries of the raw materials used in the battery pack. Each
country is assigned a score from 1 to 4, indicating the level of
risk. It is evident that the highest risks (4) are recorded mainly
in the extraction countries, particularly for cobalt (DRC),
manganese (South Africa), nickel (Australia), and graphite
(China). These countries face significant social challenges,
especially regarding issues such as child labor and fair pay.
In addition, the score for health and safety concerns presents
high risks associated with cobalt, manganese, and nickel min-
ing.

In contrast, no significant critical social impacts are found
for the use and end-of-life phases in EU countries. Table 8
highlights the social risk related to the use phase. The values
range from 1 to 2, indicating a low to medium risk. A medium
risk level is consistently recorded in terms of public commit-
ments to sustainability in all countries. Table 9 highlights the

VOLUME 6, 2025

social risk related to the end-of-life phase. The risk values
differ, generally ranging from 1 to 2. The only exceptions are
France, where the risk level for occupational safety is 3, and
Hungary, where the risk level for fair pay and corruption is 3.

Table 10 presents the social risk levels across different life
cycle phases under various scenarios, as defined in Tables 2
and 3. Certain combined scenarios (such as Scenarios 1-1
and 3-1) are presented in the same column, as the aver-
aging of different scores led to identical outcomes, despite
differing underlying assumptions. As in the LCA and LCC
assessments, the raw material extraction and manufacturing
phases are not affected by scenario variation. Overall, the risks
range from low to medium for most subcategories. However,
the “fair pay” and “health and safety” subcategories exhibit
a higher risk level (i.e., 3) in all scenarios during the raw
material extraction and manufacturing phases. These elevated
risks are primarily associated with countries where mining
activities tend to have more severe social consequences. In
contrast, the remaining subcategories consistently show low
to medium risk levels across all life cycle phases, suggesting
relatively lower social impact. This variation in risk reflects
differences in national social responsibility standards and reg-
ulatory frameworks, which influence the degree of social risk
at each stage of the product life cycle.

Fig. 3 presents the S-L.CA results for the battery pack under
the best combined scenario (i.e., scenario 2-1), namely the one
in which the vehicle is used in Germany and the battery pack
is recycled in Sweden. Risk levels are categorized on a scale
from 1 to 4, where 1 indicates low risk (green), 2 medium
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FIGURE 3. S-LCA results of battery pack in the best combined scenario (2-1).

risk (yellow), 3 high risk (orange), and 4 very high risk (red),
as shown in the color bar. Scenario variations were applied
only to the use and EoL phases, in line with the approach
used in the LCA and LCC assessments. Among these phases,
only “public commitments to sustainability”, in both the use
and EoL phases, and “work hours”, in the EoL phase, were
identified as medium risk. While the overall social risks in
the use and EoL phases appear generally low under optimal
conditions, these medium-risk subcategories highlight areas
where additional efforts in transparency and labor practices
are still needed.

IV. DISCUSSION

While the study explores scenario-based variability related to
use and EoL phase countries, additional sources of variability
could further influence the outcomes. For example, electric
vehicle efficiency can vary significantly between vehicle mod-
els and could affect life cycle energy use and emissions per
km driven. Including this parameter in the LCA could add
nuance to the results, particularly when comparing different
use cases or battery chemistries. Similarly, although we argue
that cathode production is likely to occur in China, based
on current market conditions, domestic or European produc-
tion could become more relevant in future supply chains.
This China-to-Europe market shift would affect transportation
emissions and energy sources, potentially lowering the over-
all carbon footprint depending on the regional energy mix.
Furthermore, battery life cycle costs may vary on the basis
of regional-dependent prices such as electricity and human
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labor prices. Similarly, social life cycle risks may vary on the
basis of different labor conditions, health and safety measures,
and the level of societal awareness about sustainability. In
the economic analysis, fixed material prices were used for
all components. However, historical data shows that prices of
key materials such as lithium, cobalt, and nickel can fluctu-
ate significantly over time. Incorporating high- and low-price
ranges (e.g., over the past decade) could better represent the
economic uncertainty in battery production and usage. Lastly,
the use of recycled materials would affect LCA, LCC, and
S-LCA.

V. CONCLUSION

This study assesses the environmental, economic, and social
impacts of a 75-kWh NMCS811 battery pack throughout its
life cycle using LCA, LCC, and S-LCA. The LCA results
indicate that the GHG emissions range between 77.2 kg
CO» -eq/kWh and 80.7 kg CO; -eq/kWh, depending on the
scenario. The best combined scenario for GHG emissions
turned out to be the so-called Scenario 1-1, namely the one
in which the vehicle is used in France or Italy and the bat-
tery pack is recycled in Sweden. This optimal combination
resulted in total battery GHG emissions of 5793 kg CO»-
eqg/batterypack. The upstream phase has the highest GHG
emissions due to raw material extraction, while the use and
EoL phases depend on the electricity mix. Furthermore, ex-
traction and production account for the main cost drivers,
with France-Italy as the cheapest scenario for the use phase
and Sweden as the most cost-effective for recycling, leading
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to a total battery cost of 5829 EUR/batterypack. The results
show that the LCC ranges between 77.7 EUR/kWh and 79.4
EUR/kWh. Lastly, in terms of S-LCA, results revealed that
raw material extraction occurs in high-risk regions, while use
and EoL phases take place in regulated environments with
strong sustainability and labor protections. Unlike the LCA
and LCC results, the social assessment identified scenario 2-1
as the most favorable. Notably, all three methodologies share
the EoL phase in Sweden, suggesting that battery recycling
in this context contributes positively across environmental,
economic, and social dimensions. Additionally, Germany
emerges as the most advantageous option for the use phase
in the S-LCA. Future work could benefit from a more com-
prehensive uncertainty analysis, including probabilistic mod-
eling or Monte Carlo simulations. Nevertheless, the current
scenario-based approach provides useful insights into how
system-level decisions and regional configurations influence
the environmental and economic performance of the battery
system.
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