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Abstract

The growing demand for electric traction batteries, together with their high content of
Critical Raw Materials (CRMs), necessitates comprehensive life cycle environmental assess-
ments. Limited attention in the literature has been devoted to explicitly disentangling the
role of individual CRMs in shaping both environmental burdens and potential end-of-life
benefits. This study presents a “cradle-to-grave” life cycle assessment (LCA) of a Lithium
Iron Phosphate battery for electric vehicle applications, aiming to identify the contributions
of individual life cycle phases and quantify the role of CRMs. The life cycle inventory
was developed using data from the literature and the Ecoinvent database, with impacts
assessed using the ReCiPe 2016 midpoint hierarchist (H) method. LCA results indicate that
the material manufacturing phase dominates most impact categories. A gravity analysis
demonstrates that a limited set of CRMs (aluminium, copper, and lithium) structurally
governs both environmental burdens and recycling benefits. Monte Carlo analysis indicates
low uncertainty for most impact categories. A first sensitivity analysis reveals that improve-
ments in round-trip efficiency exert the strongest influence on environmental performance.
A second sensitivity analysis assesses the effect of different energy mixes used to model
electricity consumption during the use phase.

Keywords: lithium-ion battery; life cycle assessment; gravity analysis; sensitivity analysis;
resource criticality

1. Introduction
National and international targets aim to mitigate climate change by reducing an-

thropogenic greenhouse gas (GHG) emissions. This objective aligns with the European
Union’s (EU) commitment to achieving climate neutrality by 2050, as outlined in the 2019
European Green Deal [1]. Batteries represent a key technology for the energy transition and
electric mobility, facilitating GHG reductions in the transport sector [2]. They are widely
adopted for energy storage due to their performance, lifetime, and durability [3]. However,
the use of critical materials and the environmental impacts of production are increasingly
identified as disadvantages of widespread battery adoption [4]. The growth of the electric
vehicle (EV) sector has increased the demand for traction batteries. Lithium iron phosphate
(LFP) batteries are utilized in this sector due to their safety, low cost, and the absence of
cobalt [5]. Assessing the environmental impacts associated with the entire battery life cycle
remains a challenge, as the production, use, and end-of-life stages are linked to multiple
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environmental burdens. These include impacts from raw material extraction, the energy
demand of manufacturing processes, and the treatment of final waste streams.

The production of EV batteries involves several Critical Raw Materials (CRMs). The EU
defines CRMs as raw materials characterized by high economic importance for Europe and
a significant supply risk [6]. Examples include cobalt, lithium, natural graphite, and rare
earth elements, all indispensable for battery manufacturing. The EU periodically updates
the CRM list; the 2023 version identifies 34 elements [7]. The sustainability challenge
associated with CRMs is complex, encompassing environmental, social, geopolitical, and
economic concerns, particularly during the extraction and refining stages [8].

In this context, the Life Cycle Assessment (LCA) methodology enables the evaluation
of the environmental performance across the entire battery life cycle [9,10]. LCA identifies
the process stages contributing the most to impacts or benefits and determines their under-
lying causes [11]. Consequently, LCA is essential in the design phase of new products, as it
identifies the hotspots necessary to improve their environmental profile [12].

Several authors have adopted the LCA methodology to evaluate the environmen-
tal impacts of batteries across their entire life cycle, focusing on the end-of-life phase.
Quan et al. [13] indicate that the most substantial impacts occur during the production and
use phases. Recycling strategies—including hydrometallurgy, pyrometallurgy, and direct
recycling—reduce both raw material extraction and the overall environmental burden of
the battery life cycle [14]. Specifically, lithium recovery from spent batteries decreases
atmospheric emissions and water consumption compared to the use of virgin materials [15].
However, most LCA studies on Li-ion battery recycling rely on secondary data due to the
limited availability of industrial-scale primary data [16].

The current state of the art in battery LCA studies, covering the value chain from
mining to recycling, has been synthesized in the recent literature. These works outline
opportunities derived from LCA results and identify future trends [17–21].

Despite increasing LCA research on LFP batteries, few studies explicitly quantify
the contribution of individual materials—such as aluminium, copper, and lithium—to
specific environmental impact categories across the full life cycle. Furthermore, the existing
literature rarely integrates material-focused analysis with uncertainty quantification and
sensitivity assessment, which limits actionable insights for battery design and recycling.

To contribute to the scientific discussion on LFP battery environmental impacts, this
research quantifies the life cycle impacts of an LFP battery pack for EVs. The study
highlights the sensitivity of results based on various life cycle parameters and aims to:
(i) identify the contribution of each life cycle stage; (ii) define how key materials drive both
environmental burdens and end-of-life benefits; and (iii) investigate how the environmental
profile varies with different parameters. This approach provides design-oriented guidance
for developing sustainable LFP batteries. To achieve these objectives, a comprehensive
LCA was conducted. Environmental impacts were investigated through gravity analysis,
results were validated via uncertainty analysis, and sensitivity analyses were performed to
identify parameters with the greatest potential for impact minimization.

2. Materials and Methods
2.1. Goal and Scope Definition

The goal of the study is to evaluate the environmental profile of the entire life cycle
of an LFP battery pack used in an EV, identifying critical hotspots and their causes. The
LCA methodology was applied according to ISO 14040 [22] and ISO 14044 [23] standards,
comprising the four mandatory phases: Goal and Scope Definition, Life Cycle Inventory
Analysis, Life Cycle Impact Assessment, and Interpretation.
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The system function is to provide energy to the EV for 200,000 km. The functional
unit (FU) is defined as the nominal capacity of a 1 kWh battery pack, which serves as the
reference value for the impact assessment across the life cycle. A cradle-to-grave approach
defines the system boundaries. Figure 1 illustrates the phases of the LFP battery life cycle,
namely material manufacturing, battery assembly, use, and end of life (EoL), where

• Material manufacturing covers the entire upstream chain of battery production, in-
cluding the extraction and processing of raw materials, as well as the manufacture of
individual components.

• Battery assembly involves the integration of all components into a complete
battery pack.

• Use of battery includes driving energy consumption due to battery mass and electricity
losses from charging and discharging efficiency.

• EoL is divided into three stages: disassembly, cell discharge, and hydrometallurgical
treatment [24]. This EoL option is selected based on the technical characteristics of the
battery [25]. Recovered materials were treated as substitutes for primary materials to
avoid the impacts associated with their production [26].

Figure 1. System boundary of the LCA study applied to the LFP battery.

Although battery assembly and use of battery phases were included to ensure a
comprehensive life cycle assessment, CRMs are directly relevant mainly to material manu-
facturing and EoL stages.

2.2. Life Cycle Inventory Analysis

Data for this study are primarily sourced from the Ecoinvent database [27] and sci-
entific literature, with specific references detailed in the following sections. These data
define the input and output flows for each life cycle stage. All processes are assumed
to occur in the United Kingdom. The full inventory is set out in Tables S1–S6 in the
Supplementary Materials.

Material manufacturing: The battery pack comprises three main components: cells,
modules, and pack-level hardware. The bill of materials for the reference LFP battery is
derived from the Argonne National Laboratory Battery Performance and Cost (BatPaC)
model [28]. The LFP battery has a total weight of 203.1 kg and a nominal capacity of
23.5 kWh. Table 1 sets out some key information on the composition of the battery.
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Table 1. Material composition of LFP battery.

Item Material Mass [kg]

Cell
Active cathode material 48.21

Graphite 24.85
Carbon black 3.25

Binder 4.02
Copper 20.51

Aluminium 11.13
Electrolyte 32.76

Plastic 2.86

Module
Copper 0.51

Aluminium 9.39
Plastic 0.18

Insulation 0.13
Electronic part 1.12

Pack
Copper 0.11

Aluminium 26.34
Steel 1.44

Insulation 0.82
Coolant 10.35

Electronic part 5.03

Total LFP battery 203.1

Battery assembly: This stage includes the assembly of all components into the final bat-
tery pack. Assumptions for this phase include an electricity consumption of 8.33 kWh/FU,
140 MJ/FU of natural gas for heat production, and 22.3 L/FU of water [13].

Use phase: This stage models battery operation within EVs in the UK, utilizing the
national grid for charging. Electricity losses comprise two factors [29]: the average charge
and discharge efficiency and the energy consumption attributed to the battery mass. The
Round-Trip Efficiency (RTE), representing the ratio of energy retrieved to energy input
during a full cycle, is determined by the chemical composition and operating conditions.
Electricity losses due to the average charge and discharge efficiency (Ecd, kWh) are defined
by Equation (1) [13]:

Ecd = Fv·Dv·(1 − ηk1) (1)

where Fv refers to the amount of electricity consumed by the electric vehicle per 100 km
travelled (kWh/100 km), Dv is the distance covered during the use phase by the EV (km)
and ηk1 is RTE. Based on previous studies, it was assumed that ηk1 was 90% over the entire
battery life [30,31].

Electricity losses due to battery weight (Em, kWh) are defined by Equation (2) [13]:

Em = k · Fv· Dv·
( m

M

)
(2)

where m is the mass of the LFP battery (kg) and M is the mass of the EV (kg). The mass
of the EV is 922 kg, Fv was assumed to be 13.1 kWh/100 km and the value of k was set
at 0.49 [13]. The parameter k indicates the powertrain distribution factor, which denotes
the ratio between the energy consumption of the vehicle and the weight of the car [32]. Dv

was hypothesized to be 200,000 km with reference to other studies [33,34]. Substituting
the parameters in Equations (1) and (2), the total electricity losses during the use phase
were calculated.
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End of life: Battery collection and initial selection phases were excluded from the
system boundaries. The first stage involves disassembling cells from the battery pack
using automated robotic systems, modeled on data from Choux et al. [35]. The second
stage consists of cell discharge via immersion in a FeSO4 solution [36]. Subsequently, the
discharged cells undergo a hydrometallurgical recycling process. This process was modeled
using Ecoinvent databases and literature data adapted to the specific battery characteristics
of this study. The hydrometallurgical process recovers aluminium, copper, and lithium
(as hydroxide) from the battery cells, with an overall recovery rate of 93.8%. Additionally,
recovery rates for aluminium, steel, and copper from the module and pack components—
including the Battery Management System and electronic components—were assumed to
be 95.5%, 86.8%, and 76.3%, respectively [37].

2.3. Life Cycle Impact Assessment and Interpretation

SimaPro 9.1 software [38] was utilized to convert inventory data into potential en-
vironmental impacts, employing the ReCiPe 2016 midpoint hierarchist (H) method [39].
ReCiPe 2016 is a harmonized life cycle impact assessment method that translates life cycle
inventory flows, including emissions and resource extractions, into environmental impact
scores through characterization factors [40,41]. The ReCiPe method was adopted for the im-
pact assessment phase, as it is widely used in the literature in LCA studies on batteries [20].
This method comprises 18 midpoint impact categories: global warming potential (GWP),
stratospheric ozone depletion (SOD), ionizing radiation (IR), ozone formation—human
health (OFHH), fine particulate matter formation (FPMF), ozone formation—terrestrial
ecosystems (OFTE), terrestrial acidification (TA), freshwater eutrophication (FE), marine
eutrophication (ME), terrestrial ecotoxicity (TET), freshwater ecotoxicity (FET), marine
ecotoxicity (MET), human carcinogenic toxicity (HCT), human non-carcinogenic toxicity
(HNCT), land use (LU), mineral resource scarcity (MRS), fossil resource scarcity (FRS), and
water consumption (WC).

Furthermore, a gravity analysis was conducted to determine the contribution of CRMs
to selected impact categories. According to ISO 14044, this procedure identifies the data
points that contribute most significantly to the indicator results, allowing for prioritized
examination. The robustness of the results was verified through an uncertainty analysis
using Monte Carlo simulations. Additionally, an initial sensitivity analysis was performed
on a subset of input parameters, modified individually to assess their influence on the
final results [42]. The parameters identified for this analysis include: battery capacity,
charge/discharge energy efficiency, driving energy consumption, and material recovery
rates in the recycling process. Finally, a second sensitivity analysis was performed to assess
how country-specific electricity generation mixes used for charging the electric vehicle
battery affect the environmental profile of the battery.

3. Results
3.1. Life Cycle Impact Assessment Results

The impact assessment results, expressed in relative terms, are illustrated in Figure 2.
Detailed absolute values for each category are reported in Table S7, while the normalized
results are provided in Figure S1 in Supplementary Materials.
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Figure 2. Life Cycle Impact Assessment results of 1 kWh of LFP battery.

Material manufacturing represents the primary driver of environmental impacts
across most categories. This phase contributes most significantly to HNCT (91.52%), MRS
(91.21%), FE (89.74%), and TA (89.17%). These percentages reflect the environmental burden
of material manufacturing relative to the total life cycle impact of the battery pack. The
battery use phase exerts the greatest influence on IR (86.37%) and LU (61.56%). As shown
in Figure 2, the high contribution to the IR category is particularly prominent. This is
attributed to the electricity consumption required for charging, modeled on the UK grid
mix; the impact originates from the nuclear energy component, which involves the release of
radionuclides during the nuclear fuel cycle (extraction, processing, and power generation),
rather than from the battery unit itself. The battery assembly phase consistently shows the
lowest environmental impact across all analyzed categories. Conversely, the EoL phase
generates substantial environmental benefits through the recovery of aluminium, lithium,
copper, and steel. These avoided impacts, represented by negative values in Figure 2, are
most pronounced in ME (−94.59%), WC (−56.21%), MRS (−54.85%), and HCT (−53.69%).
The specific role of CRMs is discussed in detail in the following section, where a gravity
analysis provides a detailed assessment of their contribution to certain impact categories,
particularly during the material manufacturing and EoL stages.

3.2. Gravity Analysis Results

A gravity analysis was conducted to identify which inputs and outputs are responsible
for the impacts generated or avoided in the analyzed phases, specifically to observe the
contribution of CRMs used in the battery. The method employed by the EU to define raw
materials criticality involves two factors: Supply Risk (SR), indicating the potential for sup-
ply chain disruption, and Economic Importance (EI), reflecting the material’s significance
to the European industry. The CRM list is established based on materials that exceed the
thresholds for both parameters: SR ≥ 1 and EI ≥ 2.8 [43]. The most recent list, published
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in 2023, includes the following materials present in the analyzed LFP battery: lithium
(SR = 1.9, EI = 3.9), graphite (SR = 1.8, EI = 3.4), aluminium (SR = 1.2, EI = 5.8) and copper
(SR = 0.1, EI = 4.0). Although copper falls below the SR threshold, it is included in the
CRM list as a strategic raw material—a category essential for the EU’s objectives regarding
the green transition, digital transformation, defense, and aerospace [44]. The analysis
was carried out for the GWP category, given its prominent relevance in the literature [45].
Furthermore, GWP is analyzed because reducing greenhouse gas emissions in transport is
a key driver for the development of the EV market. Other categories studied in detail are
those that emerge most significantly in the normalized results: FET, MET, and HCT. Table 2
shows the results of this analysis.

Table 2. Gravity analysis results for the impact categories of: GWP, FET, MET, HCT.

Impact Category Phase Input-Output Value Unit

Global warming
potential

Manufacture of materials Aluminium 25.74 kg CO2eq
Electronic component 23.20 kg CO2eq
LFP cathode material 10.34 kg CO2eq

Copper 7.47 kg CO2eq
Anode—graphite 6.07 kg CO2eq

Other input-output 17.27 kg CO2eq
Battery Assembly Heat, natural gas 3.37 kg CO2eq

Electricity, medium voltage 2.00 kg CO2eq
Other input-output 0 kg CO2eq

Use phase Electricity, low voltage 57.42 kg CO2eq
Other input-output 0 kg CO2eq

End of Life Lithium hydroxide −13.49 kg CO2eq
Aluminium −12.08 kg CO2eq

Copper −4.54 kg CO2eq
Other input-output 2.10 kg CO2eq

Freshwater
ecotoxicity

Manufacture of materials Copper 35.28 kg 1.4-DCB
Electronic component 13.87 kg 1.4-DCB

Aluminium 2.62 kg 1.4-DCB
LFP cathode material 1.21 kg 1.4-DCB
Other input-output 4.02 kg 1.4-DCB

Battery Assembly Electricity, medium voltage 0.07 kg 1.4-DCB
Other input-output 0.02 kg 1.4-DCB

Use phase Electricity, low voltage 9.07 kg 1.4-DCB
Other input-output 0 kg 1.4-DCB

End of Life Copper −21.63 kg 1.4-DCB
Lithium hydroxide −1.19 kg 1.4-DCB

Aluminium −0.75 kg 1.4-DCB
Other input-output −0.08 kg 1.4-DCB

Marine ecotoxicity

Manufacture of materials Copper 44.27 kg 1.4-DCB
Electronic component 18.36 kg 1.4-DCB

Aluminium 3.45 kg 1.4-DCB
LFP cathode material 1.66 kg 1.4-DCB
Other input-output 5.92 kg 1.4-DCB

Battery Assembly Electricity, medium voltage 0.10 kg 1.4-DCB
Other input-output 0.03 kg 1.4-DCB

Use phase Electricity, low voltage 11.57 kg 1.4-DCB
Other input-output 0 kg 1.4-DCB

End of Life Copper −27.15 kg 1.4-DCB
Lithium hydroxide −1.63 kg 1.4-DCB

Aluminium −1.14 kg 1.4-DCB
Other input-output 1.73 kg 1.4-DCB
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Table 2. Cont.

Impact Category Phase Input-Output Value Unit

Human
carcinogenic

toxicity

Manufacture of materials Aluminium 18.32 kg 1.4-DCB
Copper 9.14 kg 1.4-DCB

LFP cathode material 4.34 kg 1.4-DCB
Other input-output 11.20 kg 1.4-DCB

Battery Assembly Electricity, medium voltage 0.23 kg 1.4-DCB
Heat, natural gas 0.14 kg 1.4-DCB

Other input-output 0 kg 1.4-DCB
Use phase Electricity, low voltage 8.48 kg 1.4-DCB

Other input-output 0 kg 1.4-DCB
End of Life Aluminium −14.90 kg 1.4-DCB

Copper −5.60 kg 1.4-DCB
Steel −4.69 kg 1.4-DCB

Lithium hydroxide −2.92 kg 1.4-DCB
Other input-output 0.31 kg 1.4-DCB

The GWP category quantifies the increase in infrared radiative forcing caused by green-
house gas emissions and is expressed in kg CO2eq. The FET, MET, and HCT categories
measure the effects of chemical emissions expressed in kg 1.4-dichlorobenzene-equivalents
(kg 1.4-DCB) [39]. The analysis highlights that the contribution of CRMs is particularly
significant during the material manufacturing phase. In fact, for the GWP category, alu-
minium represents the highest source of emissions (25.74 kg CO2eq), partly due to the high
quantity used; specifically, in this case study, 46.86 kg of aluminium is utilized out of a total
battery weight of 203.01 kg. High values are also associated with the lithium used in the
battery cathode, as well as the copper and graphite used in the anode. A further significant
contribution is provided by the electronic components, including the Battery Management
System. Regarding the process stage providing avoided impacts—battery recycling—the
environmental benefits derive from the recovered CRMs: aluminium, copper, and lithium
(the latter in the form of lithium hydroxide). For the FET and MET categories, the copper
used in the batteries represents the dominant contribution, with values of 35.28 kg 1.4-DCB
and 44.27 kg 1.4-DCB, respectively. Similarly, the end-of-life recovery of this material
constitutes the most significant avoided impact, with values of −21.63 kg 1.4-DCB and
−27.15 kg 1.4-DCB. For the HCT category, the main contribution is attributable to alu-
minium (18.32 kg 1.4-DCB) and copper (9.14 kg 1.4-DCB). Likewise, at the end of life, the
greatest avoided impacts come from these two materials, amounting to −14.90 kg 1.4-DCB
and −5.60 kg 1.4-DCB. These results demonstrate that the environmental profile of the LFP
battery is structurally driven by a small set of high-mass, high-impact CRMs. Aluminium
and lithium contribute most significantly to GWP, copper dominates FET and MET, and
aluminium plays a major role in HCT.

4. Discussion
The results are analyzed using a dual analytical approach. Firstly, uncertainty is

quantified through Monte Carlo analysis. Secondly, a sensitivity analysis is conducted to
assess the variance in results by modifying four selected parameters.

4.1. Uncertainty Analysis

To assess the reliability of Life Cycle Impact Assessment results, an uncertainty analysis
was conducted using Monte Carlo simulation [46], a numerical method that determines
the uncertainty range of the calculated outcomes. Performing an uncertainty analysis is
crucial in LCA, as the variability of process parameters directly affects the robustness of
the results [47,48]. The simulation was performed with 1000 iterations and accounts for
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the variability of all model inputs. Figure S2 presents a bar chart with a 95% confidence
interval for each impact category, while Table S8 reports the key results of the uncertainty
analysis, including the mean, median, standard deviation, coefficient of variation, and the
2.5th and 97.5th percentiles. The relative uncertainty is highest for the ME category, with
a coefficient of variation of 172%. This high value stems from the input parameters that
most influence this category, which are characterized by significant variability. In contrast,
all other categories exhibit low variability, with CVs below 9%, indicating high reliability.
Regarding the categories analyzed in detail in the gravity analysis: for the GWP category,
the 95% confidence interval ranges from 133.6 kg CO2eq to 143.5 kg CO2eq; for FET, from
43.6 kg 1.4-DCB to 44.54 kg 1.4-DCB; for MET, from 56.61 kg 1.4-DCB to 57.9 kg 1.4-DCB;
and for HCT, from 22.60 kg 1.4-DCB to 26.00 kg 1.4-DCB. Overall, the limited variability
observed for most categories suggests that the dominance of specific life cycle phases and
CRMs is not driven by parameter uncertainty, thereby strengthening the validity of the
study’s findings.

4.2. Scenario Analysis

Scenario analysis allows for the observation of how the environmental profile of
the LFP battery shifts in response to variations in key parameters. Four scenarios were
identified to evaluate the following variables:

• Battery Capacity: An increase was hypothesized, resulting from improvements in cell
chemistry or design. This was modeled assuming enhanced energy density without
a proportional increase in material inputs, reflecting technological advancements in
cell architecture.

• Round Trip Efficiency (ηk1): A variation of ±5% relative to the baseline case was
selected. This range represents plausible incremental improvements in pack-level effi-
ciency achievable through advancements in thermal management, power electronics,
and cell design.

• Energy for Driving (Fv): An improvement relative to the baseline case was assumed,
reflecting enhanced vehicle design, improved drivetrain efficiency, or more energy-
efficient driving behavior.

• Recovery Rate: Improvements in the battery recycling process were modeled to meet
the material recovery targets set by the European Battery Regulation by the end of
2027 (90% for cobalt, copper, lead, and nickel; 50% for lithium) and by the end of
2031 (95% for cobalt, copper, lead, and nickel; 80% for lithium) [49]. Additionally, two
further scenarios were analyzed, characterized by a subsequent increase in recovery
efficiency to 98%.

Each modification for each scenario compared to the baseline case is specified in
Table 3.

The results of the sensitivity analysis, expressed as percentage variations, are reported
in Table 4. The data indicate that the environmental performance of the LFP battery re-
sponds differently depending on the modified parameter. Increasing battery capacity leads
to a relative but modest improvement across all impact categories. The most favorable
results are associated with Case A2, which shows a reduction in impacts of approximately
5% across all categories. This suggests that capacity enhancement distributes manufactur-
ing impacts over a larger functional output, yielding moderate but consistent benefits. In
contrast, in the Efficiency scenario, the RTE ηk1 exerts a significantly stronger influence. In
Case B1, a 5% decrease in ηk1 increases impacts in all categories compared to the baseline,
confirming the system’s strong dependence on operational electricity demand. Conversely,
in Case B2, a 5% improvement in average RTE produces substantial reductions in all cate-
gories, particularly for ME (−80.40%), IR (−22.10%), and LU (−16.77%). These pronounced
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changes highlight the dominant role of electricity consumption during the use phase, espe-
cially for impact categories closely linked to the electricity mix. Improvements in energy
consumption for driving generate moderate reductions; in Case C2, the most relevant
effects are observed for ME (−16.70%) and IR (−4.59%). This indicates that vehicle-level
efficiency improvements contribute positively, although their influence remains lower than
that of battery-specific efficiency. Increasing material recovery rates produces compara-
tively limited benefits, even under the most ambitious scenario, Case D3. While noticeable
reductions are observed in D3—particularly for the categories ME (−7.85%), HCT (−5.74%),
and FET (−5.69%)—the overall influence of an enhanced recovery rate is smaller than that
of operational efficiency improvements.

Table 3. Description of each scenario analysis.

Scenario Case Parameter Value

(A) Capacity scenario
Base Case Capacity of battery 23.5 kWh
A1 Case Capacity of battery 23.97 (+2%) kWh
A2 Case Capacity of battery 24.68 (+5%) kWh

(B) Efficiency Scenario
Base Case Round Trip Efficiency (ηk1) 90%
B1 Case Round Trip Efficiency (ηk1) 85%
B2 Case Round Trip Efficiency (ηk1) 95%

(C) Energy for driving
Scenario

Base Case Energy for driving (Fv) 13.1 kWh/100 km
C1 Case Energy for driving (Fv) 12.84 kWh/100 km (−2%)
C2 Case Energy for driving (Fv) 12.45 kWh/100 km (−5%)

(D) Recovery Scenario

Base Case Recovery rate
93.8% for Cu and Al from cells;

95.5% for Al, 86.8% for steel and 76.3% for Cu from
module and pack.

D1 Case Recovery rate 95% for Cu from cells, module and pack.
D2 Case Recovery rate 95% for Cu, Al, Steel from cells, module and pack.
D3 Case Recovery rate 98% for Cu, Al, Steel from cells, module and pack.

Table 4. Results of sensitivity from Base case to Capacity scenario; Efficiency scenario; Energy for
driving scenario; Recovery scenario.

Impact
Category

Capacity
Scenario

Efficiency
Scenario

Energy for
Driving
Scenario

Recovery Scenario

Base Case A1 A2 B1 B2 C1 C2 D1 D2 D3

GWP 100 98.07 95.11 111.06 88.94 99.08 97.70 99.90 99.87 99.49
SOD 100 98.06 95.15 113.72 86.28 98.86 97.15 99.78 99.76 99.35

IR 100 98.05 95.22 122.10 77.90 98.16 95.41 99.98 99.97 99.80
OFHH 100 98.08 95.10 108.43 91.57 99.30 98.25 99.66 99.64 99.05
FPMF 100 98.10 95.02 103.86 96.14 99.68 99.20 99.31 99.30 98.33
OFTE 100 98.08 95.10 108.44 91.56 99.30 98.25 99.66 99.64 99.06

TA 100 98.08 94.85 103.23 96.77 99.73 99.33 99.37 99.36 98.49
FE 100 98.06 95.04 103.78 96.22 99.69 99.22 99.07 99.05 97.71
ME 100 98.33 87.27 180.42 19.60 93.32 83.30 97.92 97.65 92.15
TET 100 98.23 95.31 106.39 93.61 99.47 98.67 99.11 99.09 97.92
FET 100 98.03 95.12 104.95 95.05 99.59 98.97 96.34 96.32 94.31
MET 100 98.04 95.09 103.15 96.85 99.74 99.35 98.54 98.52 96.98
HCT 100 98.05 94.95 108.52 91.48 99.29 98.23 99.40 97.37 94.26

HNCT 100 98.04 95.09 103.01 96.99 99.75 99.37 98.72 98.72 97.19
LU 100 98.05 95.15 116.78 83.23 98.61 96.52 99.78 99.77 99.46

MRS 100 98.03 94.85 104.59 95.41 99.62 99.05 98.42 98.38 96.02
FRS 100 98.09 95.13 111.99 88.01 99.00 97.51 99.92 99.90 99.60
WC 100 98.09 94.84 115.32 84.68 98.73 96.82 99.40 99.20 96.14
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These findings suggest that, within the modeled conditions, performance optimization
during the use phase represents a more effective lever for environmental improvement
than marginal increases in recovery efficiency beyond current regulatory targets.

The most optimized cases from each scenario were compared, and the results are
presented in Figure 3. The best scenarios were:

• A2: 5% increase in capacity of battery;
• B2: 5% increase in RTE (ηk1);
• C2: 5% decrease in energy for driving (Fv);
• D3: increase in the recovery rate up to 98% for copper, aluminium, and steel.

Figure 3. Graphical results of the sensitivity analysis comparing the base case with cases: A2, B2,
C2, D3.

The comparison indicates that Case B2 is the most favorable across nearly all analyzed
categories. Only for the FPMF, TA, FET, MET, and HCT categories does Case A2 yield
the best performance. In contrast, Cases C2 and D3 display smaller reductions in impacts
across almost all categories compared to the baseline. Certain categories, such as IR and
ME, show a wide dispersion between scenarios, suggesting a high sensitivity to the specific
values of the input parameters.

These sensitivity analysis results are intended to provide strategic support for de-
signers and developers in the LFP battery sector. The analysis demonstrates that certain
parameters are more effective than others in enhancing the product’s environmental profile:
specifically, increasing battery capacity and improving the average RTE.

4.3. Implications for CRM-Driven Design

The analysis confirms that a small set of CRMs—specifically aluminium, copper,
and lithium—structurally governs the environmental profile of LFP batteries. Both the
manufacturing phase impacts and the environmental benefits of end-of-life recycling are
dominated by these materials, highlighting the critical importance of their efficient use
and recovery.
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Scenario and sensitivity analyses further demonstrate that improvements in battery
capacity and round-trip efficiency not only reduce overall impacts but also significantly
influence the contribution of CRMs across key categories. This proves that an environmen-
tally optimized LFP battery design must integrate CRM content, operational performance
parameters, and end-of-life recovery into a unified framework. Such a holistic approach
provides a coherent basis for design-oriented strategies aimed at minimizing environmental
burdens while maximizing material circularity.

4.4. Effect of Country-Specific Electricity Mixes

A second sensitivity analysis was performed to assess the influence of different EU
electricity mixes for charging the battery during use phase. Three scenarios were considered:

• Base case: energy consumption associated with the EV use phase was modelled using
the United Kingdom electricity mix.;

• S1: energy consumption is based on the Norwegian electricity mix and is representative
of a system largely relying on renewable energy sources, particularly hydropower [50];

• S2: energy consumption is based on the Polish electricity mix and is representative of
a system strongly dependent on fossil fuel-based power generation [51].

The results of the sensitivity analysis in Figure 4 show that the environmental per-
formance of the system is strongly influenced by the energy mix assumed for the use
phase. Scenario S2 exhibits the highest impacts in most of the categories considered, with
particularly relevant increases compared with the base case for GWP, FPMF, FE, and ME.
Conversely, scenario S1 shows an overall reduction in environmental impacts, representing
the best option for almost all the impact categories analyzed. This result confirms the
importance of the composition of the energy mix and, in particular, the environmental
benefits associated with a higher share of energy generated from renewable sources. The
most significant reductions in S1 compared with the base case are observed for GWP, IR,
LU, and FRS. However, it should be noted that S1 leads to a significant increase in the WC
indicator compared with the base case, highlighting a potential environmental trade-off
that should be considered in the overall interpretation of the results.

 

Figure 4. Graphical results of the sensitivity analysis comparing the base case with cases S1 and S2.
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5. Conclusions
This study presented a comprehensive “cradle-to-grave” LCA of an LFP battery for

electric vehicle traction, with the objectives of identifying the most critical life cycle stages,
quantifying the contribution of key CRMs to specific impact categories, and evaluating the
robustness of the results through Monte Carlo and sensitivity analyses.

The results show that the material manufacturing phase dominates most impact
categories, with the exception of IR and LU, where the use phase is particularly relevant due
to electricity consumption during operation. End-of-life recycling generates environmental
benefits across all categories, largely driven by the recovery of aluminium, copper, and
lithium through hydrometallurgical processes. The gravity analysis demonstrates that a
limited set of CRMs structurally governs both environmental burdens and avoided impacts.
In particular, the greatest impact is caused by aluminium and lithium for the GWP category,
copper for FET and MET, and aluminium for HCT. A significant impact for the GWP,
FET, and MET categories is also attributable to the electronic components of the battery,
including the battery management system.

Monte Carlo uncertainty analysis confirms the robustness of the results for most
impact categories, with low variability except for MET, which exhibits higher uncertainty.
The first sensitivity analysis highlighted that the most significant improvements in the
environmental profile are associated with Cases A2 and B2, which propose a 5.0% increase
in battery capacity and a 5% increase in RTE, respectively, compared to the baseline. The
second sensitivity analysis confirms that the electricity mix used during the EV use phase
is a key driver of environmental performance, with renewable-based systems leading to
lower impacts in most categories and fossil fuel-based systems resulting in substantially
higher burdens.

Some limitations should be considered when interpreting these results. The study is
based primarily on secondary inventory data derived from the Ecoinvent database and
scientific literature. Future research could improve accuracy by utilizing primary industrial
data and modeling emerging recycling technologies—such as those involving deep eutectic
solvents, supercritical CO2, biotechnology, or electrochemical methods [52]—for which data
are currently limited or unavailable. Furthermore, in light of the results obtained, future
developments in this research could involve a more in-depth analysis using multi-regional
LCA models, the accounting of impacts associated with the cascading use of batteries in
second-life applications, and the design optimization of lighter battery packs through a
reduction in aluminium content.

Overall, this study provides a design-oriented LCA framework that explicitly links
environmental performance to CRM content, operational efficiency, and end-of-life recovery.
The findings highlight that optimizing material use and battery performance parameters is
essential for minimizing environmental impacts, thereby supporting the development of
more sustainable LFP battery systems.
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GHG Greenhouse Gas
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IR Ionizing Radiation
LCA Life Cycle Assessment
LFP Lithium Iron Phosphate
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