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Abstract

Life Cycle Sustainability Assessment (LCSA) has been widely used to assess the environ-
mental, economic, and social impacts of emerging technologies. However, its practical
application in decision support remains limited due to incompatibility of units of measure-
ment among sustainability dimensions and a lack of transparent integration mechanisms.
This study constructs a monetized LCSA framework to examine how battery electric
vehicles (BEVs) replacing gas-powered vehicles (GVs) in cold regions covered by carbon-
intensive power systems affects overall sustainability performance. The results show that
over a 15-year lifespan, BEVs reduce life cycle costs by 28.74% and carbon-related envi-
ronmental costs by 25.27% compared to GVs, demonstrating significant economic and
environmental advantages. However, BEVs show a 4.23% decrease in standardized socially
perceived performance, primarily due to consumer concerns about transparency, privacy,
and end-of-life liability. These findings suggest that incorporating social dimensions can
significantly alter sustainability conclusions and reveal trade-offs that traditional single-
dimensional assessments cannot capture. This study provides new empirical evidence
for the comprehensive application of monetized life cycle sustainability assessment and
offers valuable insights for vehicle design improvements, increased social acceptance, and
low-carbon transportation policies in cold and carbon-intensive regions.

Keywords: social perception indicators; LCSA methodology; sustainability trade-offs;
multi-criteria interpretation

1. Introduction
Accelerating the transition to low-carbon transport is widely viewed as an essential

element of climate mitigation. Battery electric vehicles (BEVs) are frequently highlighted as
a promising option because of their potential to reduce greenhouse gas emissions and, over
time, operating costs. But BEV adoption remains highly uneven. In regions with harsh
climatic conditions and carbon-intensive electricity systems, their sustainability advantages
are far less straightforward, raising doubts about whether environmental and economic
performance alone can drive a successful transition.
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Recent research on BEVs shows that sustainability assessment has evolved from a
narrow perspective of emissions comparison to a broader systemic and user-centered per-
spective. Ref. [1] refers that the promotion and implementation of BEVs at the policy and
urban system levels should be analyzed in a comprehensive way in terms of improvement
of the emission standard, energy demand, greenhouse gas emissions, air pollutants, health
expenditures and costs of the charging infrastructure. Ref. [2] found that the energy con-
sumption of electric vehicles is dependent on the vehicle technology, the driving behavior,
the way of acceleration and deceleration, and the traffic situation. Some of these factors
include the availability of the charging infrastructure, range limitation, purchase price,
charging time, government incentives, and reduction of air pollution [3]. The above studies
conclude that the sustainability of pure electric vehicles is determined by a number of
interconnected factors, such as policy parameters, operational practices, infrastructure
readiness, environmental efficiency, economic costs and consumer acceptance. Therefore,
a fife cycle sustainability assessment (LCSA) paradigm needs to be developed with the
inclusion of economic, environmental and consumer-perceived social factors to enable a
more comprehensive comparison between pure electric vehicles and conventional cars.

LCSA was developed to support more comprehensive evaluations by integrating
environmental life cycle assessment (LCA), life cycle costing (LCC), and social life cycle
assessment (SLCA) across product life cycles [4,5]. Rooted in the sustainability princi-
ples articulated by the Brundtland framework [6], LCSA seeks to balance environmental,
economic, and social considerations [7]. Although these three dimensions are widely recog-
nized as fundamental [8,9], empirical applications still tend to privilege one or two pillars.
Fully integrated assessments therefore remain the exception rather than the norm [10].

One persistent obstacle is the lack of comparability across sustainability indicators.
Environmental impacts, economic costs, and social effects are expressed in different units
and often interpreted separately, which complicates decision-making [10]. Monetization
has consequently been adopted as a pragmatic means of addressing this problem by trans-
lating heterogeneous impacts into a common monetary unit [11]. While monetary valuation
cannot fully capture the complexity of social or environmental values, approaches based on
willingness-to-pay and related social value metrics provide a transparent way to examine
trade-offs that are otherwise difficult to assess [12,13]. A robust sustainability evaluation
furthermore requires that all three pillars be assessed under consistent system bound-
aries and units [14–16]. Such representations have been shown to improve transparency
and support policy-oriented interpretation, particularly when choices involve competing
sustainability objectives [17].

How different sustainability dimensions should be weighted remains contested. Al-
though stakeholder or expert weighting is often recommended [18], the absence of an
agreed reference can introduce additional subjectivity. In this context, adopting equal
weights across sustainability pillars has been suggested as a neutral and transparent option
when no consensus exists [19].

In this regard, the study investigates the effect of monetization on the outcomes of
sustainability when social, environmental and economic factors are considered jointly. The
methodological contribution of the study does not consist of the simple use of monetization
or of the direct application of existing LCSA techniques to a BEV/GV case study. Instead,
this study develops an operationalized and decision-oriented monetized LCSA framework
that integrates three different types of evidence within a consistent life cycle boundary:
consumer-perceived social performance indicators, willingness-to-pay-based carbon val-
uation and life cycle ownership costs. Unlike previous monetized LCSA studies which
primarily focus on economic costs and environmental externalities, the proposed paradigm
explicitly incorporates consumer-centered social perception indicators into the integrated
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sustainability assessment. This paradigm determines the relative importance of social indi-
cators based on their actual correlation with purchase intention, as opposed to traditional
multi-criteria sustainability integration frameworks that are often based on expert judgment
or stakeholder-assigned weights. Furthermore, the social results are viewed as perception
indicators with reference to prices, rather than as direct monetary welfare values. Under the
same geographical and life cycle assumptions, this design improves transparency, prevents
overclaiming the meaning of social monetization, and enables the assessment to show
whether the social concerns that consumers perceive reinforce or counteract the economic
and environmental benefits of BEVs. The analysis is conducted within a regional context
characterized by low ambient temperatures and a carbon-intensive electricity supply, both
of which may influence environmental performance and consumer perceptions. Results
are therefore not intended to be directly extrapolated to all regions, but to illustrate how
monetization affects sustainability interpretation under challenging transition conditions.

2. Methodology
2.1. Analytical Framework and Study Design

This study presents a complete monetized LCSA framework to analyze the economic,
environmental and socially perceived impacts of BEVs and GVs. The paradigm is built
on previous findings from life cycle costing, life cycle carbon emission evaluation and
consumer-centered social impact assessment. The methodological focus is not on the
replication of individual evaluations but on the integration of their results into a comparable
sustainability assessment.

In this study, the term “monetization” is used in a broad, integration-oriented sense.
The economic dimension is the actual life cycle cost of ownership and the environmental
dimension relates to the WTP-based carbon cost equivalents. The social dimension is
monetized by a price-referenced approach. More concretely, consumer-perceived social
performance is translated into normalized monetary-referenced indicators with vehicle
price as the normalization base and correlation-based weights as behavioral anchors. There-
fore, the social values reported in CNY should not be viewed as direct monetary welfare
values or total perceived social performance. However, they are not direct measures of
social concerns but rather monetized proxy indicators which allow consumer-perceived
social concerns to be integrated into the same decision-support framework as economic
costs and environmental externalities.

The framework has three main components. The economic aspect is characterized by
the current value of the total cost of the vehicle in the entire stipulated service life. The
environmental component is measured as the monetary value of life cycle CO2 equivalent
emissions, which is estimated from the respondents’ WTP for emission reductions. The
social component is exemplified by the values of social perception in terms of the prices
derived from the correlations of social impact indicators with consumer buying intentions.
The value of each social indicator is assessed by its association with purchase intention,
and the value is adjusted according to the Social Contribution Rate.

The data for this study are derived from the prior evaluations, which were conducted
within the same broader BEV/GV research program. Consequently, the study does not
integrate disconnected external datasets. Instead, it uses the LCC, life cycle carbon emission
and consumer-centered social assessment results that have been generated earlier, with
the same regional focus on Heilongjiang Province and the same comparative objective of
evaluating BEVs and GVs.

To keep the integration consistent, the three assessment modules were harmonized
by the same comparative structure: BEVs vs. GVs, 15 years of service life, and 20,000 km
of annual driving distance. The economic aspect was expressed as discounted life cycle
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ownership cost (CNY). The environmental dimension was converted into WTP-based
carbon cost using life cycle CO2-eq emissions. The social dimension was expressed in terms
of standardized, price-referenced consumer-perception indicators. Thus, the present study
combines the dimension-specific results after harmonization and not the raw data sets,
which would be incompatible.

The three characteristics are assessed in a uniform manner on the basis of vehicle
comparison, service life, annual mileage and regional context for comparability. The consol-
idated findings are then leveraged to determine if consumer-perceived social consequences
augment or impede the economic and environmental benefits of BEVs. The Heilongjiang
case shows the applicability of the approach in cold temperatures and carbon-intensive
electrical situations.

The proposed monetized LCSA framework differs from existing monetized LCSA
and multi-criteria integration approaches in three ways. Not only does it monetize envi-
ronmental externalities and life cycle costs, it also incorporates consumer-perceived social
performance into the integrated assessment. The social indicators are not weighted ac-
cording to predetermined preferences of experts but according to the strength of their
empirical correlation with purchase intention. This is the social factor that is behaviorally
anchored and directly relevant for vehicle adoption. Third, social qualities are not re-
garded as fixed monetary welfare benefits. They are standardized, price-referenced indices
of perception that enable comparisons across sustainability dimensions while maintain-
ing a clear distinction between monetary cost, environmental externality and perceived
social performance.

2.2. Survey Design and Statistical Validation

Environmental WTP and perceived social impacts of consumers were obtained through
a systematic questionnaire survey. The questionnaire was divided into three main sections.
Part one collected demographic information from respondents. The second part measured
five social impact categories related to consumers using a five-point Likert scale. The
third section contained an open-ended contingent valuation question to elicit respondents’
willingness to pay for a carbon emissions tax.

The minimum sample size was calculated using Cochran’s technique at a 99% confi-
dence level and 5% margin of error, which gave a minimum sample size of 666 respondents.
In order to improve the representativeness of the region, a method of proportional stratified
random sampling was used for all 13 cities in Heilongjiang Province.

The questionnaire’s content validity was assessed by six experts. The item-level
content validity index values ranged from 0.90 to 1.00, which implies that the experts agree
well on the relevance and clarity of the items in the questionnaire. Reliability was tested by
Cronbach’s alpha. The Cronbach’s alpha coefficients for the five social impact categories
ranged from 0.736 to 0.964, indicating acceptable to excellent internal consistency.

The survey data were generally ordinal data, thus the association between social
impact indicators and purchase intention was analyzed using Spearman’s rank correlation
analysis. Statistical significance was evaluated at the 0.05 level with a two-tailed test. The
obtained correlation coefficients were then employed to determine the relative weights of
the social impact indicators in the price-referenced monetization method.

2.3. Monetization of Sustainability Dimensions

Based on the harmonized study design (Section 2.1) and the dimension-specific mone-
tization procedures (Section 2.2), this section explains how the economic, environmental
and social results were integrated and interpreted. For the integration we used harmonized
dimension-specific results instead of incompatible raw datasets. The economic dimension
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was expressed as the discounted life cycle ownership cost, the environmental dimension
was expressed as WTP-based carbon cost and the social dimension was expressed as a
price-referenced monetized perception indicator. The results were then compared between
BEVs and GVs to calculate the relative sustainability performance of the substitution of
GVs by BEVs. Equal weighting was used as the baseline assumption for the integration,
and alternative weighting schemes from the literature were used as sensitivity tests to
study the robustness of the integrated results.

2.3.1. Economic Dimension

Economic performance is represented through monetized life cycle cost estimates
reflecting the total cost of vehicle ownership over the defined service life. These estimates
are derived from previously published life cycle costing analyses following established
LCC principles [20,21]. In the present study, economic monetization is not intended to
refine cost calculations, but to provide a monetary reference against which environmental
and social outcomes can be compared on equal footing.

Vehicle- and policy-specific assumptions: consistent with market practice and the Chi-
nese NEV policy context, the battery pack replacement cost is excluded: (i) battery degra-
dation typically becomes operationally salient when attenuation exceeds ~20–30% [22], yet
(ii) major OEM and policy provisions ensure extended component coverage—Chinese NEV
manufacturers provide warranties on the traction battery, drive motor, and controller for
≥8 years or 120,000 km [23], and BYD additionally offers lifetime battery replacement and
home charger installation for the covered models per official terms [24]. These conditions
render battery replacement economically immaterial within the modeled horizon. All
remaining cost components are explicitly accounted for in the LCC.

System boundary and functional unit: the analysis covers the life cycle of purchase
→ use → end-of-life over a 15-year ownership period with an annual driving distance
of 20,000 km·year−1, which is consistent with the study’s functional unit. Cash flows are
modeled annually and discounted using a real discount rate (r). All costs are denominated
in Chinese Yuan (CNY) in real terms (net of inflation).

In LCC analysis, selecting an appropriate discount rate is crucial for evaluating future
costs (e.g., maintenance and repair costs). The discount rate significantly affects the accuracy
of the analysis: the lower the discount rate, the higher the present value of future costs,
and vice versa [25]. The total cost of ownership (TCO) of battery electric vehicles (BEVs)
and gasoline vehicles (GVs) over a service life of H years was calculated by summing
purchase cost (CAPEX) and annual operating costs (energy, maintenance, repair, insurance,
taxes, and other expenses) and deducting the residual value at the end-of-life. All cash
flows were discounted using a real discount rate (r), in line with engineering economics
and project appraisal practices [26,27]. The core principle of net present value (NPV) is to
discount future cash flows to their present value to account for the time value of money.
The NPV-based TCO (TCONPV) calculation is shown in Equation (1).

TCONPV = CAPEX +
H

∑
t=1

Ct

(1 + r)t −
RVH

(1 + r)H (1)

where TCONPV is the net present value of total cost of ownership over a service life of H
years; CAPEX is Purchase cost; and H is service life (years).

Vehicles’ annual operating costs including all yearly costs such as usage of energy,
maintenance, repair, insurance, taxes, and other expenses, are calculated as Equation (2).

Ct = Cenergy
t + Cmaint

t + Cins
t + Crep

t + Ctax
t + Cother

t (2)
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where Ct is annual operating costs (energy, maintenance, repair, insurance, taxes and other
cost) and t is present year.

Residual value at the end of the vehicle’s service life is defined as the resale price
minus resale costs Equation (3). This valuation method integrates basic revenue and cost
approaches [28].

RV = RP − RC (3)

where RV is residual value; RP is resale price; and RC is resale cost;
Estimating vehicle trade-in or salvage value is inherently uncertain, as depreciation

rates vary by model and future material prices fluctuate. The resale price was calculated as
the purchase price multiplied by 1 minus the vehicle depreciation rate as Equation (4). This
study referenced [29] for the depreciation rate Equation (5).

RP = P × (1 − Ivd) (4)

Ivd = 6 × 10−5 × H3 − 0.0038H2 + 0.093H + 0.1384 (5)

where P is car purchase price and Ivd is vehicle depreciation rate.
Resale costs include transfer fees and administrative fees (Equation (6)): the admin-

istrative fee was set at CNY58, and the transfer fee (a handling fee for vehicle ownership
transfer) was calculated as 0.025 (2.5%) of the resale price.

RC = RP × 0.025 + 58 (6)

A nominal discount rate of 5% was used in this study. An escalation rate of 2% was
adopted, consistent with China’s consumer price index (CPI) in 2022 [30]. The real discount
rate, which links present and future monetary values on a comparable basis, was derived
using Fisher’s Equation (7).

r =
1 + dr
1 + e

− 1 (7)

where r is real discount rate; dr is nominal discount rate (5%); and e is escalation rate (2%).

2.3.2. Environmental Dimension

Environmental performance is expressed in monetary terms by translating life cycle
carbon emissions into carbon cost equivalents. This conversion enables climate-related
externalities to be interpreted alongside private economic costs, thereby extending con-
ventional cost comparisons to include environmental consequences [11]. The underlying
emission inventories and characterization steps have been reported elsewhere; here, envi-
ronmental monetization is used primarily to support cross-dimensional comparison within
the integrated framework.

This study employs WTP elicitation for LCA, justifying primary WTP studies [31]. Al-
though the economic and social effects of carbon taxes are widely studied, research on WTP
for policy calibration is limited [32]. Tsang and Burge (2011) suggested WTP may exceed
actual carbon reduction costs, creating a social benefit [33]. Countries impose fuel taxes to
curb transport emissions, but China’s green tax system remains underdeveloped [34]. Ef-
fective CO2 policies must both charge for emissions and encourage behavioral change [35].
Carbon taxes are a cost-effective sustainability tool [36]. WTP remains subjective across
regions and contexts [16].

Purpose and rationale: monetizing environmental impacts allows greenhouse gas
(GHG) emissions to be expressed in a common monetary unit, which facilitates direct
comparison with economic and social dimensions in LCSA. This study adopts a WTP
approach—widely recognized in LCA for capturing the economic value individuals assign
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to environmental improvements—to estimate the external costs associated with CO2-eq
emissions [31].

System boundary and assumptions: the functional unit is defined as 20,000 km per
year over a 15-year lifetime. CO2-eq emissions for each vehicle type are derived from the
life cycle inventory results obtained from SimaPro Version 9.0.0.48 simulations. Monetizing
environmental externalities through revealed preferences and WTP offers a means to assess
ecological effects’ societal value [16,37]. However, valuation varies by region, population,
and context, reflecting its subjectivity [38,39]. Economic development influences WTP
for carbon mitigation [40,41]. Carbon taxes, though not widely implemented, are seen as
effective tools for GHG reduction, yet comprehensive evaluations remain scarce [42]. WTP
is highly subjective, shaped by socioeconomic factors.

Methodological framework: the WTP approach quantifies how much individuals are
willing to pay to reduce a unit of CO2-eq emissions, thus reflecting societal preferences
and providing a basis for monetizing environmental burdens. A structured questionnaire
survey was conducted to elicit respondents’ WTP for emission reductions. The survey
results were used to calculate the average WTP per unit of CO2-eq, which was subsequently
integrated into the environmental impact assessment.

The mean WTP can vary significantly depending on the assumed distribution end-
points [43]. To measure mean WTP, formula Equation (8) was applied, ensuring that no
negative responses were recorded for the carbon emission tax [44].

WTP =
1
N

N

∑
i=1

siwi (8)

Let N be the sample size, si ∈ {0, 1} denote validity, and wi denote the respondent’s
unit WTP; WTP is average unit WTP. This formula offers a clear metric for evaluating the
economic value respondents assign to environmental impacts.

Let ECO2e
BEV,t and ECO2e

GV,t be the annual CO2-eq from SimaPro (kg), converted to the study’s
functional unit where needed. The annual carbon emission tax for a BEV is calculated by
multiplying the BEV’s yearly CO2-equivalent emissions by the mean WTP Equation (9).

TCO2e
BEV,t = ECO2e

BEV,t · WTP (9)

where ECO2e
t is SimaPro annual CO2-eq; and TCO2e

·,t is annual emission tax.
A similar calculation was applied for gasoline vehicles (GVs) using Equation (10).

TCO2e
GV,t = ECO2e

GV,t · WTP (10)

For the full-service life of both BEVs and GVs, the carbon emission tax is derived by
multiplying the annual tax by service life H (Equation (11) for BEVs, Equation (12) for GVs).
These calculations aim to offer a reliable understanding of public WTP for CO2 emission
reductions, providing actionable insights for policy. This information is vital for developing
environmental policies that are both socially acceptable and economically viable.

TCO2e
BEV,H =

H

∑
t=1

TCO2e
BEV,t (11)

TCO2e
GV,H =

H

∑
t=1

TCO2e
GV,t (12)

where TCO2e
·,H is lifetime emission tax.
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Overall, monetizing environmental impacts through WTP-based valuation provides a
powerful mechanism for integrating climate externalities into sustainability assessments.
It enables decision-makers to design more efficient carbon pricing strategies, align policy
instruments with societal preferences, and enhance the credibility and effectiveness of
climate policy interventions.

2.3.3. Social Dimension

The social indicators used in this study are based on the consumer stakeholder category
defined in UNEP/SETAC S-LCA [45,46] recommendations. Health and safety, consumer
privacy, transparency, feedback mechanisms and end of life responsibility were chosen
as these are consumer-centric social issues relevant to vehicle use and uptake of low-
carbon transport. The price-referenced method does not depend on the assumption that
social impacts are fully expressed as welfare values. The vehicle price is used only as a
normalization reference to express consumer-perceived social performance in a systematic
and comparable way. Hence, the derived values should be interpreted as standardized
perception indicators related to price, rather than perceived social performance expressed
directly in monetary terms.

Social impacts are represented using consumer-perceived social values expressed
as standardized, price-referenced perception indicators derived from questionnaire sur-
vey data [12,13]. These indicators capture aspects such as transparency, privacy, and
perceived end-of-life responsibility that are frequently excluded from conventional sus-
tainability assessments. Expressing these perceptions as standardized, price-referenced
indicators allows social considerations to be explicitly integrated with economic and
environmental outcomes.

Weighting methodology: this study performed an inventory analysis to integrate
indicators specific to the use stage. In the use stage, WTB was distributed among each
indicator to reflect its impact. Weights were applied to monetize the social impact of each
indicator. The monetary value of each social impact indicator was calculated by multiplying
the vehicle’s selling price by the indicator’s weight. By weighting five social well-being
indicators based on correlation coefficients with purchase intention, this approach quantifies
each indicator’s total impact on consumer behavior. Higher correlations result in greater
weights, as consumer attitudes and satisfaction strongly influence purchase intentions
and drive sustainable behavior [47,48]; this improves the behavioral relevance of the
monetized results. The baseline WTB for social indicators was elicited through the same
survey instrument used for environmental valuation. Respondents indicated the additional
amount they were willing to pay for vehicles with improved social performance relative
to current market conditions. Policy and weighting considerations: the weighting scheme
described above intentionally excludes stakeholder or expert weighting to minimize bias
and improve transparency [18,19].

This approach enables a nuanced understanding of how various social factors impact
consumer behavior and overall vehicle market dynamics. By detailing methodology,
offering practical applications, and comparing approaches, this study presents a robust
framework for monetizing the social impacts of EVs and GVs. This framework aids
stakeholders in making informed decisions while promoting sustainable consumer behavior
in the automotive industry. First, the study calculated the correlation coefficient between
each social well-being impact category and purchase decisions. This step was performed
as part of the social impact assessment to determine the weight of each impact category
related to purchase willingness as Equation (13).

Wi =
1

∑ CrA−i
× Cri (13)
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The relative weight (Wi) of each social category is determined by its influence on
consumer “purchase intention.” This is calculated by measuring the correlation coefficient
(Cri) for each impact category (i) against the “purchase intention” variable, and then
normalizing it against the total correlation of all categories (CrA−i). The relative weight
of each social impact category was calculated by dividing its correlation coefficient by the
overall social impact correlation coefficient.

The vehicle’s selling price (PV) is allocated among the five categories based on their
relative weights (Wi). The “Partial Value” represents the portion of the vehicle’s price
attributed to each social category by consumers as Equation (14).

Pv × Wi = Pi (14)

where Pi is the Partial Value of social impact category i.
The average score of social impact category calculated is by Equation (15).

X =
∑ Xi

N
(15)

where X is the average impact score of social impact category i; ∑ Xi is the total score of
social impact category i; and N is the total number of respondents;

Social Contribution Rate (IDi) refers to the rate that determines whether the vehicle’s
performance in a category is perceived positively or negatively. It is calculated by dividing
the average score (Xi) by 3, which is the neutral midpoint of the 5-point Likert scale as
Equation (16).

IDi =
Xi
3

× 100% (16)

where IDi is the Social Contribution Rate of category i.
Finally, the “Real Monetized Value” of each social impact is calculated by adjusting its

“Partial Value” (Pi) by the “Social Contribution Rate” (IDi). This final figure represents the
monetized result of each social impact category as Equation (17).

X × Pi = Real Pi (17)

where Real Pi is the real monetized value.
By calculating the “Real Monetized Value” (Real Pi), the actual monetary contribution

of each social category to the vehicle’s perceived social welfare is obtained. This allows
for a clear interpretation. If the Real Monetized Value (Real Pi) > Partial Value (Pi), it
indicates a positive social impact (consumers perceive the performance as better than
neutral). If the Real Monetized Value (Real Pi) < Partial Value (Pi), it indicates a negative
social impact (consumers perceive the performance as worse than neutral). The sum of
all “Real Monetized Values” (Total Real Monetized Value) represents the total monetized
social value of the vehicle. If this total is greater than the vehicle’s selling price, it indicates
that the vehicle generates a net positive perceived social performance for its stakeholders.
In other words, the more EVs sold, the greater the positive social impact. Conversely, if
the total real value is less than the selling price, it indicates that EVs do not contribute
positively to social welfare.

It should be noted that the social values derived in this study are not intended to
represent monetary measures of social welfare or true monetary perceived social perfor-
mance. Instead, they are standardized, price-referenced perception indicators constructed
to reflect the relative importance that consumers assign to different social attributes of
vehicles. The monetary unit is therefore used as a normalization reference to facilitate a
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structured comparison with economic and environmental dimensions, rather than as a
measure of social welfare in the strict economic sense.

2.4. Integration and Interpretation

Following monetization, economic, environmental, and social outcomes are integrated
using a mixed monetary–indicator scale, where economic and environmental dimensions
are expressed in monetary units and social outcomes are expressed as standardized price-
based perception indicators. This integration addresses the long-standing challenge of
multi-criteria trade-offs in LCSA, where different units and valuation approaches have
hindered comparability [14–16]. Equal weighting across the three sustainability dimensions
is adopted as a neutral and transparent assumption in the absence of a consensual basis
for differential weighting [19]. Although stakeholder- or expert-based weighting schemes
are often advocated [18], they may introduce additional subjectivity when applied without
broad agreement.

Integration focuses on relative differences between GVs and BEVs rather than on
absolute standardized perception values. This step is explicitly interpretive: the objec-
tive is not to identify a single optimal technology, but to examine how sustainability
rankings and perceived trade-offs change once heterogeneous impacts are expressed and
considered jointly.

Integration principle, each sustainability pillar represents a distinct contribution to
the total life cycle performance of the vehicle. The economic dimension reflects ownership
cost savings obtained through LCC. The environmental dimension expresses avoided ex-
ternalities in monetary terms using the WTP for emission reductions. The social dimension
represents monetized social benefits derived from consumers’ WTB for improved safety,
transparency, and social performance. Integrating these dimensions into a single indicator
supports unified decision-making and facilitates comparison between BEVs and GVs.

Despite their comprehensiveness, endpoint metrics are difficult to integrate due to
interdependencies, making interpretation challenging for decision-makers [49]. Weightings
in LCA, LCC, and S-LCA are often contentious. Ekener et al. (2018) suggest using stake-
holder profiles from cultural theory to determine sustainability weights instead of assuming
equal distribution [50]. Tarne et al. (2018) found that German automotive decision-makers
assigned weights of 0.352 (environmental), 0.335 (economic), and 0.312 (social) [51]. Wulf
(2018) reported that energy system modelers prioritized environmental sustainability (0.385)
significantly higher than social (0.320) and economic (0.295) factors [18]. However, some
studies advocate for equal weighting [52]. Others argue that environmental concerns
should be prioritized to safeguard future generations, aligning with the Brundtland princi-
ple [53]. Weighting and normalization: to ensure methodological neutrality and avoid bias
toward any particular dimension, this study applies equal weighting across the three sus-
tainability pillars—economic, environmental, and social—following the balanced principle
in the LCSA literature [18,19]. Therefore, the main analytical framework employed equal
weighting, but we used different weighting schemes to check robustness.

Economic sustainability was calculated by subtracting the NPV of BEVs from the NPV
of GVs (based on LCA for 15 years for both BEVs and GVs), dividing the result by the NPV
for GVs, and then multiplying by 100 to express it as a percentage as Equation (18).

ECOS = ⌊(GVTOCNPV15 − BEVTOCNPV15)/GVTOCNPV15⌋ × 100% (18)

where ECOS is economic sustainability; GV LCCNPV 15 is the NPV of GVs based on 15 years’
LCA; and BEV LCCNPV 15 is the NPV of BEVs based on 15 years’ LCA.
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Environmental sustainability (Envs) was calculated by subtracting the environmental
tax for BEVs from those for GVs, dividing the result by the tax for GVs, and then multiplying
by 100 to convert this figure into a percentage as Equation (19).

Envs =
[(

TCO2e
GV,H − TCO2e

BEV,H

)
/TCO2e

GV,H

]
× 100% (19)

Social impact (SI) was measured by summing up the real monetized value of impact
categories and subtracting the vehicle selling price as Equation (20).

SI = ∑ Real P − PV (20)

Social sustainability (Scos) was assessed by subtracting the social impact of BEVs from
that of GVs, dividing by the social impact of GVs, and multiplying by 100 to convert it into
a percentage as Equation (21).

Scos = [(SIGV − SIBEV)/SIGV ]× 100% (21)

where SIGV is the social impact of GVs; and SIBEV is the social impact of BEVs.
This integration further allows policymakers, manufacturers, and consumers to in-

terpret sustainability outcomes in monetary terms, bridging the gap between scientific
assessment and real-world economic understanding. To enable the public or policymakers
to make better use of this research, this research monetized sustainability and used radar
charts to visualize sustainability.

3. Results and Discussion
3.1. Life Cycle Costing

The LCC analysis quantifies the total ownership cost of the two vehicle technologies—
BEVs and GVs—over a 15-year service life and an annual driving distance of 20,000 km.
All cost components were discounted to present values using the real discount rate applied
in Section 2.3.1. Figure 1 illustrates the NPV trajectories of BEVs and GVs over the vehicle
lifetime. Net present value (NPV) represents the sum of all present values (PVs) of future
cash flows determined using the discount rate. Future cash flows include both inflows and
outflows [54]. BEVs exhibit higher initial costs due to greater purchase prices, whereas GVs
appear more cost-effective in the early years of ownership. Higher upfront cost difference
may be more quickly compensated by lower operating costs for short-range BEVs [55,56].
However, this initial advantage diminishes as operating and maintenance costs accumulate.
Under the assumed regional conditions, the NPV trajectories intersect after approximately
2.5 years, beyond which BEVs exhibit lower cumulative ownership costs.

The result that BEVs are cheaper than GVs after about 2.5 years, and realize a 28.74%
reduction in discounted ownership cost, is in line with the expectation that higher initial
purchase costs can be compensated by lower energy and maintenance costs. The magnitude
and timing of this advantage, however, is context dependent. The total cost of ownership
of electric vehicles can vary significantly between locations because of differences in petrol
and electricity prices, charging access, local temperature, driving cycles, annual mileage
and purchase incentives [57]. Lower operating costs and potentially higher resale values
for BEVs were also identified by [58], but higher upfront costs could restrict the overall
economics compared to internal combustion engine vehicles (ICEVs). Although, BEVs can
deliver significant private and perceived social performance in terms of fuel savings and
the reduction of environmental impacts [59].
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Figure 1. NPV trajectory of life cycle cost for BEVs vs. GVs (15-year service life, 20,000 km/year).

The mixed results show that the economic benefits of BEVs are not unconditional but
contextualized by the vehicle attributes, operating conditions, energy prices, technological
development and policy regulations. Thus, the current result should be interpreted as a
regional result—given annual driving distance, vehicle lifetime, local energy prices, dis-
count rate and battery replacement assumptions—rather than as a general cost advantage
of BEVs.

3.2. Monetization of Environmental Impact

Environmental impacts associated with vehicle use are expressed in monetary terms
using a willingness-to-pay (WTP)-based valuation of carbon emissions. This approach con-
verts life cycle CO2-eq emissions into carbon cost equivalents, enabling direct comparison
with economic and social cost components within a unified monetary framework.

Consumer WTP for carbon emission reduction has been widely applied as a proxy for
valuing climate-related externalities [14–16]. Previous studies indicate that WTP estimates
may vary across regions and socioeconomic contexts [39–41]. Within this literature, WTP-
based carbon valuation has also been discussed in relation to carbon pricing mechanisms
and mitigation incentives [42].

The average WTP was CNY2.67 per 10 kg CO2-eq, or approximately CNY0.267 per
kg CO2-eq. According to a past study’s findings, 1 L of gasoline emits 3.47 kg CO2-eq,
while 1 kWh of electricity emits 1.45 kg CO2-eq. Thus, with a carbon emission tax, 1 L
of gasoline would incur an additional cost of CNY0.93, and 1 kWh of electricity would
cost an extra CNY0.39. Previous research indicates that the monthly WTP for 30% carbon
mitigation in Suzhou, China, is CNY26.20 [60]. However, this study views monthly WTP
as inequitable for lower-emission individuals and less effective in encouraging the public
to adopt sustainable lifestyles. Additionally, Suzhou’s monthly WTP is considerably
lower than that in Chongqing (CNY37), Beijing (CNY130), and Jiujiang (CNY130) [41], but
higher than Seoul’s (approximately CNY19.60) [40]. Shenzhen’s WTP for carbon emissions
is estimated at CNY37.96 per ton CO2-eq [61]. As a large city, Shenzhen likely has a
population with higher income and education levels than Heilongjiang Province. However,
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since Wang et al.’s study was conducted in 2018, the slightly higher WTP observed in this
study appears reasonable.

Applying this valuation to life cycle emission results yields differentiated environ-
mental costs for gasoline vehicles (GVs) and BEVs. Table 1 summarizes the monetized
environmental impacts over both annual use (20,000 km) and the full 15-year service life.
Over one year of operation, monetized carbon costs amount to CNY 1107.95 for GVs and
CNY 827.95 for BEVs. When extended over the full vehicle lifetime, cumulative carbon
costs reach CNY 16,619.27 for GVs and CNY 12,419.18 for BEVs.

Table 1. Monetization of environmental impacts of GVs and BEVs.

GV BEV

CO2 eq emission per year 4149.63 kg CO2-eq 3100.92 kg CO2-eq
Usage (15 year) CO2-eq emission 62,244.45 kg CO2-eq 46,513.80 kg CO2-eq

CO2 eq emission tax per year 1107.95 CNY 827.95 CNY
Usage (15 year) CO2-eq emission tax 16,619.27 CNY 12,419.18 CNY

Expressed in relative terms, BEVs exhibit an approximate 25.3% reduction in mone-
tized environmental costs compared with GVs. These monetized environmental outcomes
provide the environmental component for subsequent integration with the economic and
social dimensions within the life cycle sustainability assessment framework.

BEVs reduce CO2-eq emissions and achieve a 25.27% reduction in monetized carbon-
related environmental costs compared to GVs over a 15-year operational period. This
result suggests that BEVs have a climate-related advantage even when considering the
carbon-intensive energy scenarios discussed in this study. The magnitude of this benefit,
however, is highly dependent on the composition of the electricity. A past study shows
large differences in the life cycle global warming impacts of BEVs for developing countries
with different electricity generation systems [62]. Changes in electricity supply, vehicle
technology, and battery technology can affect environmental impacts over time and across
different impact categories [63]. In this study a fixed grid emission factor and a region-
specific willingness-to-pay value is used, so the monetized environmental outcome should
be seen as an estimate for the specific context.

Sensitivity analyses were conducted to test the robustness of the monetized LCSA
results. The WTP coefficient used for environmental monetization, as WTP directly deter-
mines the monetary value of carbon-related environmental impacts (Table 2).

Table 2. WTP sensitivity analysis for carbon-related environmental costs.

WTP Scenario WTP Value CNY/10
kg CO2-eq

GV Carbon Cost,
15 Years CNY

BEV Carbon Cost,
15 Years CNY

BEV Carbon-Cost
Saving CNY

Relative
Reduction

−20% WTP 2.136 13,295.42 9935.34 3360.06 25.27%

−10% WTP 2.403 14,957.34 11,177.26 3780.07 25.27%

Baseline WTP 2.670 16,619.27 12,419.18 4200.08 25.27%

+10% WTP 2.937 18,281.20 13,661.10 4620.09 25.27%

+20% WTP 3.204 19,943.12 14,903.02 5040.10 25.27%

A sensitivity analysis of WTP was conducted to evaluate the effect of WTP uncertainty
on environmental valuation results by varying the baseline WTP value by ±10% and ±20%.
The results indicate that the absolute monetized carbon costs and carbon-cost savings are
directly proportional to the estimated WTP value. When the WTP value decreases by 20%,
the carbon-cost savings of BEVs decline from CNY 4200.08 to CNY 3360.06. The savings
increase to CNY 5040.10 when the WTP value increases by 20%. The absolute reduction
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depends on the scenario, but the relative reduction is always 25.27% because the same WTP
coefficient is used for BEVs and GVs (shows in Table 2). This suggests that the absolute
monetary value of the environmental benefit is sensitive to WTP assumptions, but the
relative carbon-related benefit of BEVs is robust across the WTP scenarios examined.

3.3. Monetization of Social Impacts

Social impacts are quantified by translating consumer-perception scores into stan-
dardized price-based indicators associated with vehicle purchase decisions. Five social
impact categories—health and safety, consumer privacy, transparency, feedback mecha-
nisms, and end-of-life concerns—are evaluated for their statistical association with purchase
intention. The strength and direction of these associations are assessed using Spearman’s
rank correlation coefficients, which provide a non-parametric measure suitable for ordinal
survey data [64]. The reported values are expressed in monetary units as a price-based
normalization device and should be interpreted as relative perception indicators rather
than welfare-based monetary valuations. The reported values are expressed in monetary
units as a price-based normalization device and should be interpreted as relative perception
indicators rather than welfare-based monetary valuations.

Previous studies have identified some social issues related to consumers that may
hinder the adoption of electric cars. Ref. [58] identified the problems of the driving range,
the accessibility of the charging stations, and the after-purchase support. Ref. [65] stated that
the waiting time of chargers and the availability of charging facilities will affect consumer
choices. The lack of public charging infrastructure may discourage potential buyers from
purchasing electric vehicles [66] and the limited driving range of battery electric vehicles is
still a major barrier to adoption [67].

Furthermore, the price of the batteries is still unknown, which is leading to a loss of
confidence in electric cars among customers [68]. However, electric vehicles are generally
cheaper to maintain and operate than petrol vehicles because of technology developments
and beneficial laws [69]. In China, governments have adopted policies to encourage the
substitution of petrol vehicles for electric vehicles [70]. Ref. [71] pointed out that the
adoption of electric mobility should be in line with the infrastructure readiness and be
incentivized with free parking, free charging, lower registration fees, and financial subsidies,
considering social factors. Environmentally, increasing concerns about car emissions may
increase the perceived cost of using GV per kilometer [72].

Table 3 summarizes the monetization of social impacts for BEVs based on a vehicle
price of CNY 123,800. Correlation coefficients are used to derive relative weights for each
social impact category, which are then applied to allocate the vehicle price into Partial Values.
These Partial Values are adjusted using category-specific Social Contribution Rates to derive
standardized perception value. Under the applied valuation framework, the total standardized
perception value for BEVs exceeds the corresponding Partial Value by CNY 12,696.

Table 3. Standardized perception-based analysis of social impacts and price-related indicators for EVs.

Electric Vehicle Weight Electric Vehicle Price (CNY 123,800)

Social Indicator Correlation
Coefficient

Correlation
Weight Partial Value Social

Contribution Rate
Standardized

Perception Value

Health and Safety 0.328 31% 38,784 110.15% 42,722
Consumer privacy 0.1 10% 11,824 117.28% 13,868

Transparency 0.265 25% 31,334 106.89% 33,493
Feedback mechanism 0.139 13% 16,436 111.66% 18,353

End of life and future concern 0.215 21% 25,422 110.38% 28,061
Total 1.047 100% 123,800 110.26% 136,496

Note: Relative social performance indicator = standardized perception value − total Partial Value = CNY 12,696.
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Table 4 applies the same procedure to GVs using a base price of CNY 110,000. The
resulting total standardized perception value exceeds the Partial Value by CNY 13,256,
indicating a higher standardized social perception value for GVs under the same
methodological assumptions.

Table 4. Standardized perception-based analysis of social impacts and price-related indicators for GVs.

Gasoline Vehicle Weight Gasoline Vehicle Price (CNY 110,000)

Social Indicator Correlation
Coefficient

Correlation
Weight Partial Value Social

Contribution Rate
Standardized

Perception Value

Health and Safety 0.234 28% 30,606 112.85% 34,539
Consumer privacy 0.126 15% 16,480 118.75% 19,571

Transparency 0.268 32% 35,054 107.46% 37,670
Feedback mechanism 0.079 9% 10,333 114.15% 11,795

End of life and future concern 0.134 16% 17,527 112.30% 19,682
Total 0.841 100% 110,000 112.05% 123,257

Note: Relative social performance indicator = total standardized perception value − total Partial Value = CNY 13,256.

Comparison of the correlation structures reveals that the sum of the correlation coeffi-
cients associated with purchase intention is higher for BEVs (1.047) than for GVs (0.841),
suggesting stronger statistical associations between social indicators and purchase intention
for BEVs. At the same time, the aggregated standardized social perception value is lower
for BEVs than for GVs when expressed in monetary terms.

Taken together, these results illustrate a key trade-off revealed through monetization.
While social indicators are more strongly associated with consumer purchase intention for
BEVs, their standardized social perception contribution does not exceed that of GVs under
the applied valuation framework. This divergence highlights how monetary integration
can alter the relative interpretation of social performance compared with assessments based
solely on association strength or qualitative indicators.

Consumer challenges in the adoption of electric vehicles such as driving range, charg-
ing infrastructure and after-sales services [58]. The availability of charging stations and
the waiting time for consumers to get a charger also affect consumers’ decisions [65]. The
absence of public charging infrastructure may deter consumers from buying electric vehi-
cles [66]. One of the main concerns is the limited range of BEVs [67]. The cost of batteries
for electric cars is not certain [68]. Furthermore, due to current policies and technology
advances, the operating and maintenance costs of EVs are worse than GVs [69]. Chinese
policy makers have taken measures to promote GVs [70]. Ref. [71] point out the significance
of social factors in the EV transition. They recommend motivational strategies such as
financial incentives, free parking, free charging and reduced registration fees to smooth
the transition and to ensure alignment with infrastructure readiness. Environmental conse-
quences are becoming a concern [72] and this may also increase the penalty cost per km of
GV use.

3.4. Integrated LCSA Results Under the Monetized–Indicator Framework

This section addresses the research question of how economic, environmental, and
social impacts—quantified through monetization and standardized perception indicators—
differ between GVs and BEVs, and how these differences collectively influence the overall
sustainability assessment of replacing GVs with BEVs in Heilongjiang Province.

Differences in monetized sustainability outcomes between GVs and BEVs are sum-
marized in Table 4. From an economic perspective, LCC results indicate that BEVs incur
substantially lower discounted ownership costs than GVs over a 15-year service life, yield-
ing a total cost saving of CNY 86,653.47, corresponding to a relative reduction of 28.74%.
This result reflects the dominant contribution of reduced energy and maintenance costs in
the long term.
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From an environmental perspective, monetized carbon emission results show that
BEVs generate lower CO2-equivalent emissions than GVs under the regional electricity and
usage conditions considered. Over the full-service life, the monetized environmental cost
associated with BEVs is CNY 4200.08 lower than that of GVs, corresponding to a 25.27%
reduction in carbon-related costs (Table 5).

Table 5. Sustainability impact analysis of replacing GVs with EVs.

Impact Category Economic Impact Environment Impact Social Impact

Difference value between EV
replaces GV 86,653.47 4200.08 −560

Percentage of sustainability
perspective impact between
EV replace GV

28.74% 25.27% −4.22%

In contrast, the social perception dimension exhibits an opposite pattern. The stan-
dardized social perception value associated with BEVs (CNY 12,696) is lower than that
calculated for GVs (CNY 13,256), resulting in a net difference of –CNY 560, equivalent to a
–4.22% change in relative social performance indicator. This outcome indicates that, under
the applied valuation framework, the replacement of GVs with BEVs is associated with a
modest reduction in standardized social perception performance.

German automotive decision-makers assigned weights of 0.352 (environmental), 0.335
(economic), and 0.312 (social) [51]. Energy system modelers prioritized environmental sus-
tainability (0.385), significantly higher than social (0.320) and economic (0.295) factors [18].

Taken together, these results highlight the trade-offs revealed through monetary
integration. While BEVs demonstrate clear advantages in economic and environmental
dimensions, these gains are partly offset by lower monetized social outcomes. Figure 2
visualizes the relative contributions of the three sustainability dimensions, illustrating
how monetary aggregation alters the overall interpretation of sustainability performance
compared with assessments based on individual indicators.
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Figure 2. Visualization of the sustainability of replacing GVs with EVs in Heilongjiang Province, China.

These findings align with previous studies, such as [58,73,74], which also highlight
that BEVs become more cost-effective over time due to lower operational and maintenance
costs; the economic viability of BEVs improves significantly beyond five years of ownership,
even in regions with higher electricity prices. Additionally, ref. [75] emphasizes that policy
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interventions, including taxation and infrastructure development, play a crucial role in
enhancing BEV adoption. The results are also in line with [76], who found that a reward–
penalty mechanism is more effective than direct subsidies in increasing adoption rates.
Within this study, monetization serves to make these multidimensional trade-offs explicit,
providing an integrated perspective on sustainability outcomes without privileging any
single dimension.

A sensitivity analysis of weighting was performed to assess whether the integrated
result is dependent on the assumption of equal weighting. The equal-weighting baseline
scenario assigned a third of the total weight to each sustainability pillar (0.333 in the table,
rounded). In the base case with equal weights, the integrated sustainability score is 16.59%.
The result remains positive when alternative weighting techniques from the literature
are used. The automotive decision-maker and the energy system modeler scenario give
17.20% and 16.85%, respectively. The results indicate that the main conclusion is robust to
alternative weighting assumptions. The negative social perception score reduces the overall
sustainability benefit of BEVs, but does not eliminate the positive integrated outcome of
economic and environmental benefits. Sensitivity analysis under alternative weighting
schemes shows in Table 6.

Table 6. Sensitivity analysis under alternative weighting schemes.

Weighting Scheme Economic Weight Environmental
Weight Social Weight Integrated Score

Equal weighting 0.333 0.333 0.333 16.59%

Tarne et al. (2018) [51] 0.335 0.352 0.312 17.20%

Wulf (2018) [18] 0.295 0.385 0.320 16.85%

The proposed paradigm can be applied to several geographical locations, but the
numerical sustainability outputs should not be directly transferred without recalibrating
the regional inputs. With cleaner power grids, BEVs are expected to have lower life
cycle CO2 emissions and lower monetized environmental costs, and thus an increased
environmental superiority over GVs. By contrast, car electrification might offer fewer
environmental benefits if coal power generation continues to dominate the electricity grid.

Climatic conditions may also play a role in the results. According to study [77,78],
reduced battery efficiency and increased heating requirements in cold climates can offset
the economic and environmental benefits of BEVs by increasing electricity consumption.
In temperate climates, these penalties are expected to be smaller. However, higher tem-
peratures can increase the amount of energy needed for air conditioning and decrease
the efficiency of batteries. Thus, temperature-sensitive vehicle energy usage should be
incorporated when applying the framework in various climatic locations.

The framework is methodologically transportable as it maintains the same structure
for economic, environmental and social assessments. However, the composition of the
electricity generation, grid emission variables, fuel and electricity pricing, annual driving
distance, car lifetime, policy incentives, charging infrastructure, environmental willingness
to pay and consumer views should be region-specific. The present conclusions are limited
by the reliance on stated-preference survey data, a static grid emission factor, selected car
types, and a consumer-oriented social evaluation [77,78]. The paradigm is transportable
but the importance and ranking of sustainability outcomes is situation-dependent.

4. Conclusions, Limitations and Implications
In this study, a monetized LCSA framework was developed and applied to eval-

uate the economic, environmental and social impacts of replacing GVs with BEVs in
Heilongjiang, China Province. Under this framework, the economic and environmental
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dimensions are expressed in monetary form based on WTP, while the social dimensions
are reflected by standardized and price-referenced perception indicators, thus achieving
comprehensive comparison.

The results show that in the service life of 15 years, compared with GVs, the total cost
of ownership of BEVs is reduced by 28.74%, and the equivalent carbon dioxide emission is
reduced by 25.27%, which is equivalent to saving the carbon emission cost of CNY4200.08.
These findings show that BEVs still have obvious economic and environmental advantages
even in the coal-dominated power system. However, compared with GVs, the standardized
social perception of BEVs has decreased by 4.22%, which is mainly due to consumers’ con-
cerns about privacy protection, information transparency and end-of-life responsibility. In
the comprehensive evaluation, these social concerns offset the economic and environmental
benefits of BEVs to some extent.

Overall, under the valuation framework adopted in this study, BEVs outperform GVs
in the economic and environmental dimensions but underperform in the social perception
dimension. This finding suggests that cost reduction and emission mitigation alone may
not be sufficient to ensure a socially robust low-carbon transport transition. Policies aimed
at strengthening consumer trust, improving data governance, enhancing information
transparency, and reinforcing end-of-life responsibility are therefore particularly important,
especially in cold regions with carbon-intensive electricity systems.

Several limitations should also be acknowledged. First, the environmental assessment
is limited to airborne emissions. Second, the WTP value adopted in this study is context-
specific and subject to regional variation. Third, grid emission factors are assumed to remain
constant over time. Fourth, equal weighting is applied across the sustainability dimensions.
Finally, social preferences are inferred primarily from stated intentions rather than revealed
behavior. Future research could further refine the framework through multi-regional
comparisons, dynamic electricity-mix modeling, uncertainty analysis, and the incorporation
of revealed-preference data. Environmental assessment is limited to airborne emissions
of carbon and does not include wider environmental burdens such as resource depletion,
battery production impacts, toxicity, acidification, particulate matter formation, water use
or end-of-life battery treatment. Thus, the environmental advantage of BEVs found in this
study should be understood as a carbon-related advantage, not an overall environmental
superiority in all impact categories. The study addresses only the stakeholder group of
consumers, although the indicators chosen are based on UNEP/SETAC S-LCA guidance.
This study does not consider other stakeholder groups and broader societal issues, such
as labor, local communities, supply-chain accountability and institutional governance.
Therefore, social outcomes should be considered as context-specific indicators of consumer
perception, not as complete monetary valuations of social welfare. Methodologically, this
study shows how to integrate consumer-perceived social repercussions with economic and
environmental outcomes into a single monetized LCSA framework.
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