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 A B S T R A C T

This work presents the development of a novel tool to support environmentally informed decision-making 
in the automotive sector by comparing two competing scenarios: maintaining an existing vehicle versus 
replacing it with a new one. While economic decision-support tools exist for such choices, there remains a 
critical gap in evaluating the environmental consequences. The proposed tool addresses this by implementing 
a cradle-to-grave Life Cycle Assessment (LCA) framework, which includes greenhouse gas emissions from 
vehicle production, maintenance and repair, well-to-wheel fuel or electricity consumption, and end-of-life 
processes. Unlike existing approaches, the tool accounts for non-average cases and real-world usage patterns. It 
allows detailed customization based on vehicle segment, powertrain type, energy source, geographic context, 
and annual mileage. It also explicitly incorporates existing vehicles, for which production emissions are no 
longer attributable, and introduces a novel attribution method for sharing production and disposal impacts 
in cases of second-hand ownership or short lifespans. These features enable more accurate assessments of 
vehicle sustainability across diverse user profiles. The result is a flexible yet robust assessment platform that 
enables users and policymakers to quantify the environmental consequences of vehicle replacement strategies, 
providing critical insights into the role of vehicle longevity and individual usage patterns in sustainable 
mobility transitions.
1. Introduction

The transport sector remains a major contributor to global green-
house gas (GHG) emissions, accounting for a substantial share of the 
European Union’s carbon footprint [1,2]. In response, the EU has set in-
creasingly stringent CO2 emission performance standards for passenger 
cars, aiming to achieve climate neutrality by 2050. While the regulatory 
focus has largely been on improving the environmental performance of 
new vehicles, decisions about replacing existing ones versus prolonging 
their use can have equally significant sustainability implications.

Life Cycle Assessment (LCA) has emerged as the most robust frame-
work for quantifying the environmental impacts of products across their 
entire life cycle [3,4]. In the automotive sector, a vast body of litera-
ture has applied LCA to compare internal combustion engine vehicles 
(ICEVs), hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles 
(PHEVs), and battery electric vehicles (BEVs). Early studies focused on 
specific powertrain comparisons and policy implications, particularly 
for hybrid and plug-in hybrid configurations [5,6]. Subsequent works 
extended the analysis to include the influence of electricity mix and use 
patterns [7], as well as scenario-based assessments of current and future 
vehicle technologies [8]. More recent contributions have provided 
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comprehensive comparative analyses across multiple powertrains and 
geographical contexts [9–11]. These studies typically adopt cradle-to-
grave system boundaries, including vehicle production, use-phase fuel 
or electricity consumption, and end-of-life (EoL) processes. However, 
most focus on new vehicles and rely on average use patterns and energy 
mixes, which limits their applicability to specific, real world cases.

Recent research has also explored the integration of data-driven and 
machine learning approaches within LCA and eco-design frameworks. 
These methods aim to support lifecycle-based design decisions, improve 
computational efficiency, and enable the exploration of large design 
spaces [12]. Similarly, simplified eco-design tools for electric mobility 
systems have been proposed to facilitate early-stage environmental 
assessments under limited data availability, with machine learning 
identified as a promising extension for parametric modeling and sce-
nario analysis [13]. While these approaches highlight the potential of 
combining LCA with advanced data-driven techniques, they primarily 
focus on design-stage optimization rather than on supporting user-level 
decisions related to vehicle replacement or continued use.

Another underexplored dimension is the environmental impact of 
vehicle maintenance and repairs. While LCAs of lubricants [14] and 
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Nomenclature

Acronyms

BEP Break Even Point
BEV Battery Electric Vehicle
GHG Green House Gas
GWP Global Warming Potential
HEV Hybrid Electric Vehicle
ICEV Internal Combustion Engine Vehicle
LCA Life Cycle Assessment
LCI Life Cycle Inventory
PHEV Plug-in Hybrid Electric Vehicle
TTW Tank To Wheel
WTT Well To Tank
WTW Well To Wheel
Subscripts

𝐸𝑜𝐿 Referred to the End of Life phase
𝑖 Referred to generic vehicle category 𝑖

among those listed in Table  2
𝑃 Referred to the Production phase
𝑈 Referred to the Use phase
Variables

𝐶 Specific consumption expressed in (l∕km)
or (kWh∕km)

𝑐 Correction factor applied to 𝑆∗
𝑈  taking into 

account age-induced engine degradation
𝑑 Correction factor applied to 𝑆∗

𝑈  in the case 
of ICEV taking into account indirect effects 
from pollutants such as NOX

𝐸𝐷𝑆 Electric Driving Share
𝐸𝐹 Emission Factor expressed in (kgCO2,eq∕l)

or (kgCO2,eq∕kWh)
𝐼 Impact expressed in (kgCO2,eq)
𝑚 Vehicle mileage expressed in (km)
𝑆∗
𝑈 Nominal specific use phase impact ex-

pressed in (kgCO2,eq∕km)
𝑆𝑃 Specific Production impact expressed 

in(kgCO2,eq∕kg)
𝑆𝑈 Corrected specific use phase impact ex-

pressed in (kgCO2,eq∕km)
𝑊 Average vehicle mass expressed in (kg)
𝑦 Vehicle age expressed in years

tyres [15] exist, the literature on the aggregated maintenance footprint 
of passenger cars remains sparse [10,11,16,17]. In some cases [11], 
aggregated impact categories are used rather than kgCO2,eq, while in 
other studies the focus is limited to ordinary maintenance [16]. Some 
studies have shown that maintenance can affect not only direct material 
and energy use but also in-use efficiency. For example, timely oil 
changes can help prevent increased fuel consumption [18,19], while 
improper tyre inflation, worn spark plugs, or degraded injectors can 
also increase energy demand [20,21]. Despite these insights, few LCA 
models systematically integrate maintenance into vehicle sustainability 
assessments.

A further research strand relevant to this work addresses the ques-
tion of when to replace a vehicle versus keeping it in service. The 
concept of an environmental break-even point (BEP) is commonly used 
to identify the moment when the cumulative emissions of a new, more 
2 
efficient vehicle become lower than those of continuing to use an 
existing one [16,22,23]. Some studies extend this approach by model-
ing optimal replacement timing using consequential LCA frameworks 
and real world usage patterns [9,11,24]. Earlier research indicates 
that, under standard conditions, prolonged use of an existing vehicle 
may result in lower environmental impact than replacement [25]. 
While instructive, BEP-based studies frequently rely on average driv-
ing profiles, idealized conditions, or new-vehicle scenarios, and rarely 
consider second-hand ownership, partial allocation of production and 
EoL burdens, or very low-mileage users.

A concise overview of the main research strands relevant to this 
work, together with the corresponding gaps that this study aims to 
address, is provided in Table  1.

These limitations highlight the need for a more flexible and context 
aware assessment framework capable of supporting real world, user 
level decisions. This work addresses this gap by presenting a novel 
decision-support tool that compares the environmental performance of 
keeping an existing vehicle versus replacing it with a new one. The tool 
implements a cradle-to-grave LCA framework that explicitly includes 
maintenance and repair, well-to-wheel (WTW) energy use, and EoL 
processes, and introduces a method for attributing production and EoL 
burdens in cases of used vehicles or partial ownership periods. Cru-
cially, it enables non-average, user specific scenarios by incorporating 
variables such as vehicle segment, powertrain type, regional energy 
mix, annual mileage, and intended period of ownership.

The remainder of this paper is structured as follows: Section 2 
presents the LCA methodology underpinning the tool. Section 3 demon-
strates its application through a selection of representative scenarios, 
highlighting cases where vehicle replacement is or is not environmen-
tally justified. Section 4 summarizes the key findings and outlines 
directions for future work.

2. Methodology

This study adopts a LCA approach, following the ISO 14040 and ISO 
14044 standards, to quantify the Global Warming Potential (GWP) asso-
ciated with the full life cycle of a range of road vehicles. The assessment 
includes production, use, maintenance, and end-of-life phases. While a 
substantial body of literature focuses on selected aspects—most notably 
the use phase—other stages such as maintenance and repair are often 
neglected or insufficiently detailed. This study aims to address that gap 
by adopting a more comprehensive and realistic approach.

A key element of novelty lies in the representativeness of the 
analysis: rather than evaluating a single, average vehicle, the study 
employs a statistical framework built upon a population of vehicles 
representative of different segments, fuel types, and powertrains. This 
enables the modeling of diverse user behaviors and driving patterns, 
yielding results that are more applicable to real-world conditions.

In line with LCA best practices, the study explicitly defines:

• the goal and scope, including the functional unit, the impact 
category and the system boundaries (Section 2.1)

• the life cycle inventory (Section 2.2)
• the life cycle impact assessment and interpretation (Section 2.3).

Particular attention is devoted to the robustness of the data sets used, 
which are drawn from transparent sources. All data inputs—ranging 
from fuel consumption and maintenance profiles to production and 
end-of-life processes—are clearly documented to ensure both the re-
producibility of the results and comparability with other studies in the 
field.
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Table 1
State of the art on vehicle sustainability assessment and gaps addressed by this work.
 Strand Representative references Typical focus/findings and identified gaps  
 LCA of passenger vehicles [5–10,12,13,23,26–28] Cradle-to-grave comparisons across 

ICE/HEV/PHEV/BEV; BEVs show higher 
production but lower use-phase, sensitive to 
grid mix and usage. Gaps: emphasis on new
vehicles and average profiles; limited 
support for user-specific contexts (mileage, 
geography) and treatment of existing 
vehicles whose production/EoL burdens are 
no longer attributable; recent data-driven 
approaches remain largely focused on 
design-stage optimization rather than 
user-level decision support.

 

 Environmental implications 
of maintenance

[10,11,14,15,18–21] Component-focused LCAs (lubricants, tyres) 
and studies linking routine upkeep (oil, tyre 
pressure, etc.) to efficiency. Gaps: scarce 
integration of aggregate maintenance 
(ordinary & extraordinary) into 
whole-vehicle LCA; limited modeling of 
maintenance-driven efficiency 
degradation/mitigation over time.

 

 Vehicle replacement vs. 
retention (BEP and 
beyond)

[9,11,16,22–25] Use of environmental breakeven point or 
optimization techniques to time replacement 
decisions. Gaps: BEP often based on 
idealized or average conditions; limited 
handling of second-hand ownership, partial 
ownership allocation, short leases, or 
low-mileage users.

 

2.1. Goal and scope

The goal of the proposed tool is to compare the GHG associated with 
two competing mobility scenarios: (i) keeping and maintaining an exist-
ing vehicle on the road, and (ii) replacing it with a new vehicle. To this 
end, a comparative LCA is carried out, encompassing the full cradle-
to-grave spectrum of the vehicle life cycle—including production, use, 
maintenance, and EoL phases. The analysis is not static, but rather 
designed to be dynamically configured based on specific user contexts. 
For this reason, different vehicle categories, as listed in Table  2, are 
considered. These include a range of vehicle types and powertrains to 
reflect the diversity of current and future user scenarios.

For each vehicle category listed in Table  2, a set of representative 
car models has been identified to provide realistic and segment-specific 
reference values throughout the analysis. Table  2 reports a selection of 
representative models for each category; these are not intended to be 
exhaustive, but rather illustrative examples, as the underlying data are 
derived from a broader set of vehicles. For example, in the Segment 
C Diesel VI category, the selected models include: Audi A3 8Y, BMW 
F40, Citroën C4 III, Fiat Tipo, Ford Focus IV, Honda Civic XI, Lancia 
Delta, Opel Astra J, Peugeot 308 III, Renault Megane IV, Seat Leon IV, 
Volkswagen Golf VIII, Toyota Corolla E210, and Volvo V40.

The functional unit is defined as the total distance traveled (or, 
equivalently, the duration of use) corresponding to the residual window 
of usage of the current vehicle. The definition of the end-of-usage of the 
current vehicle is a key aspect of the analysis and may be determined 
by different conditions, such as reaching the end-of-life (EoL), the 
termination of a leasing contract, or the attainment of a predefined 
vehicle age. This aspect is discussed in detail in Section 2.3. Within this 
framework, two alternative scenarios are compared: (i) continued use 
of the current vehicle over its remaining lifetime, and (ii) replacement 
with a new vehicle operated over the same distance (or time horizon). 
In both cases, maintenance and repair activities are included. This 
definition ensures that the comparison is performed over a consistent 
usage period, allowing the total environmental impact, expressed in 
kgCO2,eq, to be directly compared between the two options. A schematic 
overview of the compared scenarios is provided in Fig.  1. The ‘‘current’’ 
and ‘‘new’’ vehicles considered in the analysis may belong to any of 
3 
the categories in Table  2, allowing for a broad range of substitutions, 
including cross-segment and cross-powertrain comparisons.

The selected impact category is GWP, expressed in kgCO2,eq. While it 
is recognized that GWP, as a mid-point indicator, may not fully capture 
other relevant environmental burdens (e.g., the impacts of landfill at 
EoL are minimal in terms of GWP but significant in terms of human and 
ecosystem toxicity) see e.g., [3,4], the focus on GWP aligns with current 
European Union policy frameworks and the Net Zero agenda [1,2]. 
Thus, this focus ensures consistency with regulatory benchmarks and 
climate neutrality targets in the automotive sector.

2.2. Life cycle inventory

The life cycle inventory (LCI) data used in this study is compiled 
from a variety of high-quality and complementary sources to ensure 
robustness and relevance across all life cycle phases. Primary sources 
include peer-reviewed scientific articles, official European Union re-
sources and reports, established LCA databases and gray literature. The 
latter is particularly important for modeling the use phase, where real-
istic kgCO2,eq∕km emissions are derived from empirical data on actual 
fuel and energy consumption, rather than idealized test conditions. 
This approach allows for a more accurate representation of real-world 
vehicle performance.

2.2.1. Production and EoL
Production. A literature review based on scientific papers and insti-
tutional reports has been conducted to derive the specific production 
impact 𝑆𝑃 ,𝑖 (kgCO2,eq∕kg) for each vehicle category 𝑖. The selected 
references were grouped by powertrain type to ensure consistency and 
representativeness.

The collected values showed good agreement across sources, with 
variations generally within a 15% band for all vehicle categories and 
below 10% for conventional internal combustion engine vehicles. This 
consistency supports the adoption of a single representative value for 
each category, which is in line with the objective of defining robust 
average parameters for comparative scenario analysis.

The final values, together with the corresponding literature sources, 
are reported in Table  3. In addition, an average vehicle mass 𝑊  for 
𝑖
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Table 2
Representative vehicle models for each segment and powertrain category. Two illustrative models are reported for each category 
for clarity; the underlying dataset includes a broader range of vehicles.
 Engine/Segment Segment B Segment C SUV  
 Gasoline IV Citroën C3 I Honda Civic VIII Toyota RAV4 XA20  
 Opel Corsa D Volkswagen Golf V Suzuki Grand Vitara  
 Gasoline V Ford Fiesta VI Ford Focus III Nissan Qashqai (Mk1, J10)  
 Volkswagen Polo V Volkswagen Golf VI Volkswagen Tiguan (Mk1)  
 Gasoline VI Peugeot 208 Peugeot 308 III Hyundai Tucson (Mk3)  
 Hyundai i20 Toyota Corolla E210 Peugeot 3008 (Mk2)  
 Diesel IV Peugeot 206 HDi Ford Focus I TDCi Volvo XC90 D5  
 Volkswagen Polo IV TDI Opel Astra H CDTI Toyota RAV4 D-4D  
 Diesel V Ford Fiesta VI TDCi Volkswagen Golf VI TDI Volkswagen Tiguan (Mk1) TDI 
 Volkswagen Polo V TDI Ford Focus III TDCi BMW X5 (F15) xDrive30d  
 Diesel VI Peugeot 208 BlueHDi Peugeot 308 III BlueHDi Peugeot 3008 (Mk2) BlueHDi  
 Renault Clio V dCi Toyota Corolla E210 D-4D Volvo XC60 (II) D4  
 Full/Mild Hybrid Toyota Yaris IV Hybrid Toyota Corolla E210 Hybrid Toyota RAV4 Hybrid  
 Suzuki Swift VI Mild Hybrid Seat Leon IV eTSI Kia Sportage Mild Hybrid  
 Plug-in Hybrid – Volkswagen Golf GTE Ford Kuga PHEV  
 – Peugeot 308 PHEV BMW X3 xDrive30e  
 Battery Electric Renault Zoe Nissan Leaf Volkswagen ID.4  
 Peugeot e-208 Volkswagen ID.3 Škoda Enyaq  
Fig. 1. Visual representation of the two alternative scenarios in terms of cumulative kgCO2,eq emissions over distance (or time). The functional unit adopted for 
the comparative LCA, defined over a consistent usage window, is also illustrated for clarity.
each segment and engine type was established based on the repre-
sentative models per category described in Section 2. Table  4 reports 
the average curb weight for each category. The values show good 
consistency across models, with standard deviations below 10% for 
Segment B and C vehicles and slightly higher variability (around 12%) 
for SUV categories.

This approach enables the computation of the overall production 
impact either by relying on the average weight of the relevant category, 
i.e. 
𝐼𝑃 ,𝑖 = 𝑆𝑃 ,𝑖 ⋅𝑊𝑖 (1)

or, when available, by using a more precise mass value specific to the 
user’s vehicle.
End of life. In this study, a cut-off modeling approach is adopted for 
the EoL phase: no credits are assigned for recycling or other virtuous 
end-of-life strategies, ensuring a conservative estimation of environ-
mental impacts, in line with ISO 14044 and EN 15804 standards [30]. 
According to recent life cycle assessments on automotive systems, the 
GWP impact of the EoL stage is typically limited to less than 5%–10% 
of production-phase emissions [31]. As illustrated in Fig.  1, the EoL 
4 
Table 3
Specific production impact per unit mass for different vehicle categories. The 
reported values are derived from a synthesis of multiple literature sources, 
which show good agreement (typically within a 15% range). Several references 
address multiple powertrain types and may therefore appear in more than one 
category.
 Engine 𝑆𝑃 ,𝑖 (kgCO2,eq∕kg) Representative references 
 Gasoline IV 4.2 [5,6,26]  
 Gasoline V 4.6 [7,8,23,29]  
 Gasoline VI 4.6 [9–11,28,29]  
 Diesel IV 4.5 [5,6,26]  
 Diesel V 4.6 [7,8,23,27,29]  
 Diesel VI 4.6 [9–11,29]  
 Mild/Full Hybrid 5.2 [5,6,8–10,27]  
 Plug-in Hybrid 6.5 [5–7,10,28]  
 Battery Electric 7.9 [6–10,17,23,26–29]  

impact is assigned at the beginning of the ownership period, together 
with the production impact, since disposal is considered a necessary 
and unavoidable consequence of manufacturing a new vehicle. While 
this approach may slightly overestimate GWP by omitting possible 
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Table 4
Table reporting the average mass of each vehicle category.
 Engine/Segment 𝑊𝑖(kg)

 Segment B Segment C SUV  
 Gasoline IV 998 1242 1457 
 Gasoline V 1060 1310 1545 
 Gasoline VI 1140 1315 1510 
 Diesel IV 1023 1267 1490 
 Diesel V 1080 1327 1560 
 Diesel VI 1129 1382 1550 
 Mild/Full Hybrid 1223 1515 1728 
 Plug In Hybrid NA 1669 2029 
 Battery Electric 1429 1809 2358 

recovery benefits, it strengthens comparability across scenarios. It is 
also worth noting that other impact categories—such as acidification 
or toxicity—may show a more significant contribution from EoL, but 
fall outside the scope of this GWP-focused study.
Partial ownership and emission allocation. A key consideration in the 
allocation of production and EoL impacts is the scenario of partial 
vehicle ownership. In the reference case illustrated in Fig.  1 the user 
purchases a new car and retains it until the end of its useful life, 
thus bearing full responsibility for both production and EoL emissions. 
However, this situation does not capture the variety of real-world 
ownership patterns, such as second-hand vehicle purchases or short-
term ownership agreements typical of leasing contracts. To account for 
these more common cases, the model incorporates a depreciation-based 
attribution approach. Specifically, a depreciation function—dependent 
on both time and mileage—is used to distribute the environmental 
burden of production and EoL phases among successive owners. This 
approach is inspired by vehicle economic depreciation models, under 
the assumption that the first owner should bear a larger share of 
the impact, as they effectively trigger vehicle production and benefit 
from the car during its highest value period. The depreciation curve 
employed is of the form 

𝐼𝑃+𝐸𝑜𝐿(𝑦, 𝑚) = 𝐼𝑃+𝐸𝑜𝐿(0, 0) ⋅ 𝑒−(𝑎⋅𝑦+𝑏⋅𝑚⋅𝑦) (2)

where 𝑦 and 𝑚 reflect car age and mileage respectively, and with 
coefficients 𝑎 and 𝑏 tailored to each vehicle category. The resulting 
attribution profiles are shown in Fig.  2, where BEVs exhibit steeper 
depreciation, reflecting current market trends and user concerns related 
to long-term battery performance and resale value. Fig.  3a illustrates 
an example of application for two distinct cases, both applied to the 
same car (Gasoline VI segment C). In the first case, the user purchases 
a new car and keeps it for three years; in the second case, the user 
buys a three-year-old used car and keeps it until the end of its life. 
The resulting impacts over time are depicted in the impact-versus-years 
graph shown in Fig.  3b.

The depreciation models adopted in this study have been cross-
verified using academic sources [32,33], and online calculators [34,35] 
that apply averaged depreciation rates for European and North Ameri-
can scenarios. These rates are typically derived from industry data and 
are widely used by banks and financial institutions when determining 
car values for loans, leases, and other financing products. Findings 
from different sources prove remarkable coherence between empirical 
research findings and the practical models adopted in the automotive 
and finance sectors.

2.2.2. Maintenance
The environmental impact of maintenance is estimated starting from 

a maintenance log, i.e., a list of replaced components, fluids, and 
other consumables, along with the mileage/age at which these services 
should be performed. Ordinary maintenance (e.g., tyre replacement, oil 
and filter changes) is applied at the blackbed manufacturer intervals, 
5 
Fig. 2. (a) Depreciation model based on mileage and age for different vehicle 
categories (b) Example of partial ownership accounting for a car sold/bought 
three years after its production.

while extraordinary maintenance is scheduled according to the ex-
pected lifetime of specific components. The impacts of individual com-
ponents are obtained from relevant literature [14,15], extracted from 
LCA databases [29], or—when no other data are available—estimated 
from the average component weight using the same kgCO2,eq∕kg factor 
adopted for vehicle production. A list of the 200 most frequently 
replaced components has been used as the basis for the maintenance 
impact calculation. It is assumed that all components are replaced 
at least once over the course of a 200,000 km vehicle lifespan. This 
assumption is intentionally unrealistic, as no car undergoes such ex-
tensive replacements. For instance, around 70 major components are 
considered for substitution at the 150,000–160,000 km mark, yet it is 
highly unlikely that all of these parts would need replacement in the 
same vehicle. Nevertheless, even under this conservative scenario, the 
impact of maintenance—excluding EV batteries—amounts to at most 
1.4 t CO2,eq, corresponding to approximately 10% of the production 
footprint. Such values are in line with those found in [10], while other 
studies [16], which focus more on planned maintenance, found lower 
values. A visual representation of the procedure followed to obtain 
the maintenance footprint 𝑆𝑀,𝑖(𝑦, 𝑚) can be found in Fig.  4, which 
illustrates the sequence from maintenance log definition, to component 
impact estimation, and final aggregation over the vehicle lifetime.
Boundaries of the maintenance analysis. Consistent with the assumptions 
made for car manufacturing, logistics are not included.

The contribution of workshop energy consumption is estimated as 
follows: (i) the annual electricity consumption of a car workshop is 
derived from industry data; (ii) workshop size and productivity are esti-
mated at 2.2 cars per bay per day; (iii) assuming 250 working days/year 
and 20 total visits over a 200000 km vehicle lifetime, the resulting 
workshop emissions amount to approximately 60 kgCO2,eq—less than 
the impact of producing a new alternator—and are thus negligible.
A focus on batteries. Maintenance requirements differ according to 
powertrain type: for instance, BEVs do not require oil changes but may 
involve battery replacement, a controversial aspect given that current 
BEVs often make battery substitution impractical. Batteries are highly 
impactful components; for instance, life-cycle emissions of production 
range from 56 to 494 kgCO2,eq∕kWh [36], with a meta-analysis [37] 
indicating a median global warming potential of 17.63 kgCO2,eq∕kg
of battery, i.e., approximately 130 kgCO2,eq∕kWh (standard deviation 
of 7.34 kgCO2,eq∕kg), emphasizing sensitivity to electricity mix and 
production scale. Future developments may either align battery lifes-
pan with that of the vehicle or facilitate replacement. To account 
for this uncertainty, the tool includes both scenarios (with and with-
out battery replacement), with differentiated lifetime assumptions and 
kgCO ∕kWh values depending on the source.
2,eq



C. Gastaldi and L. Cibrario Transportation Engineering 24 (2026) 100445 
Fig. 3. Example of partial ownership accounting for a car sold/bought three years after its production for a segment C Gasoline VI vehicle, driven 20000 km/year. 
(a) Depreciation model used to estimate the portion of production to allocate to each case (b) Example of impact computation.
Fig. 4. Visual representation of the procedure followed to estimate the effect of maintenance during the vehicle life cycle.
Main take-aways. Two main considerations emerge:

• although the total maintenance impact typically accounts for no 
more than 10% of production emissions over the lifetime of an 
ICE vehicle, it must be considered for a robust analysis;

• maintenance is not an optional contribution, but an essential 
requirement to keep a vehicle operational—i.e., a 200000 km 
service life cannot be realistically modeled without it.

2.2.3. Use
The use phase represents one of the most impactful stages in the 

vehicle life cycle, particularly for Internal Combustion Engine (ICE) 
vehicles and hybrids. In this study, the aim is to determine, for each 
vehicle category listed in Table  2, the slope of the cumulative emissions 
curve shown in Fig.  1. This slope corresponds to the specific climate 
change impact per kilometer of use 𝑆𝑈,𝑖, expressed in (kgCO2,eq∕km), 
and forms the core metric to estimate emissions on an annual basis 
when combined with the user’s average annual mileage. To ensure 
consistency and comparability across vehicle types and energy carriers, 
a Well-to-Wheel (WTW) approach is adopted, in line with EU recom-
mendations and established LCA guidelines [38]. The WTW approach 
accounts for both:
6 
• Well-to-Tank (WTT): upstream emissions related to fuel or elec-
tricity production and distribution;

• Tank-to-Wheel (TTW): direct emissions produced during vehicle 
operation.

All vehicle categories—except BEVs—include both WTT and TTW com-
ponents. BEVs, by definition, have no tailpipe emissions (TTW = 0), 
but the upstream emissions from electricity generation (WTT) remain 
significant and must be accounted for. For electric-based powertrains 
(BEVs and PHEVs), WTT emissions are computed based on the country-
specific electricity mix, using EU-wide data [39]. However, users have 
the option to override this value with a customized emission factor 
(kgCO2,eq∕kWh), for instance, if the car is regularly charged at home 
using a known energy source (e.g., certified renewable electricity or 
local grid factor).

The resulting average values of the specific climate change impact 
per kilometer of use 𝑆𝑈,𝑖 for all vehicle categories are reported in 
Table  5. The following paragraphs recount the methodology followed 
to obtain all the values.
Internal combustion engine and mild hybrid vehicles. The specific climate 
change impact per kilometer of use 𝑆𝑈,𝑖, expressed in (kgCO2,eq∕km), is 
here found by multiplying the Emission Factor 𝐸𝐹  or 𝐸𝐹 , 
𝑊 𝑇𝑊 ,𝑔 𝑊 𝑇𝑊 ,𝑑
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Table 5
Table reporting the average specific climate change impact per kilometer of 
use of each vehicle category - values emission factor.
 Engine/Segment 𝑆𝑈,𝑖 (gCO2,eq∕km)

 Segment B Segment C SUV 
 Gasoline IV 210 226 293  
 Gasoline V 181 222 279  
 Gasoline VI 147 200 233  
 Diesel IV 181 208 322  
 Diesel V 179 203 254  
 Diesel VI 179 186 218  
 Mild/Full Hybrid 149 168 176  
 Plug In Hybrid NA 74 96  
 Battery Electric 41 44 51  

Table 6
Table reporting the emission factors 𝐸𝐹𝑊 𝑇𝑇  and 𝐸𝐹𝑇𝑇𝑊
for diesel and gasoline.

𝐸𝐹𝑊 𝑇𝑇 (gCO2,eq∕l)

 Reference Gasoline Diesel 
 [40] 16.9 18.9  
 [38] 17.0 18.9  
 [41] 19.0 18.7  

𝐸𝐹𝑇𝑇𝑊 (kgCO2,eq∕l)

 [41] 2.323 2.697 
 [42] 2.466 2.697 
 [43] 2.360 2.650 
 [44] 2.421 2.675 

expressed in (kgCO2,eq∕l), of each fuel type (gasoline or diesel) by the 
specific consumption of each vehicle category 𝐶𝑖 expressed in (l∕km)

𝑆∗
𝑈,𝑖 = 𝐸𝐹𝑊 𝑇𝑊 ,𝑔 ⋅ 𝐶𝑖 = (𝐸𝐹𝑊 𝑇𝑇 ,𝑖 + 𝐸𝐹𝑇𝑇𝑊 ,𝑖) ⋅ 𝐶𝑖 (3)

The emission factors’ values have been derived from a comprehensive 
review of recent literature and technical sources. The selected emission 
factors are highly consistent across independent studies and have been 
cross-verified through multiple datasets, ensuring both robustness and 
transparency of the methodology. The results are shown in Table  6.

The specific fuel consumption 𝐶𝑖, expressed in (l∕km), was deter-
mined for each vehicle category through the integration of multiple 
gray literature sources. User-reported consumption data from Spritmon-
itor.de [45] were first analyzed, offering extensive datasets for indi-
vidual vehicle models. While the large sample size represents a clear 
advantage, the data required careful cleaning to address variability and 
occasional outliers. For each category, more than ten representative 
models were considered, and the category-average consumption was 
calculated. These values were subsequently validated against measure-
ments published by alvolante.it [46], where consumption is determined 
under realistic driving conditions using high-precision flow meters. 
Although this latter source ensures high measurement accuracy, its 
coverage is limited to a single data point per model and a reduced 
number of available models.

According to [47], TTW emissions (i.e., 𝐸𝐹𝑇𝑇𝑊 ,𝑖 ⋅𝐶𝑖) can be derived 
from NEDC or WLTP declared values (gCO2,eq∕km) by applying specific 
correction coefficients. To validate the proposed approach—at least for 
the TTW component—the WLTP/NEDC-corrected (gCO2,eq∕km) values 
were compared with those obtained using the methodology described 
above for four representative car models (Ford Fiesta 1.4 16V, Volk-
swagen Polo 1.0 TGI 5p BMT, Peugeot 207, and Renault Clio 1.5 dCi 
90). Good agreement is observed for gasoline vehicles, whereas for 
diesel vehicles the correction factors still appear to underestimate TTW 
(gCO2,eq∕km) values by approximately 10%.
Incorporating vehicle degradation and indirect GHG emissions into ICE 
use-phase estimates. Furthermore, the resulting 𝑆∗

𝑈,𝑖(kgCO2,eq∕km) val-
ues for each vehicle category are corrected by two additional factors 
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Table 7
Table reporting the correction factor 𝑐(𝑦) as a 
function of vehicle age 𝑦.
 Reference 𝑐(𝑦) at 𝑦 = 1 year  
 [18] 1.008  
 [19] 1.008  
 [48] 1.02 seg. B and C – 1.01 SUV. 
 [49] 1.01  

that significantly affect the environmental performance of internal 
combustion engine (ICE) vehicles over time. 

𝑆𝑈,𝑖(𝑦) = 𝑆∗
𝑈,𝑖 ⋅ 𝑐(𝑦) ⋅ 𝑑 (4)

First, a literature review was conducted to assess whether quantita-
tive models exist that correlate vehicle age or mileage with increased 
emissions 𝑐(𝑦) due to engine degradation and reduced efficiency. The 
search yielded few relevant studies [18,19,48,49], which are summa-
rized in Table  7. Publications [18,19] address the impact of oil age 
on emissions and fuel consumption, both base their conclusions on 
purposely performed tests. Publications [48,49] focus on fuel economy 
of vehicles in realistic driving conditions, basing the findings on public 
surveys [48] and odometer data [49]. Although the literature on this 
topic is relatively limited, the findings consistently suggest a modest 
but non-negligible increase in emissions over time. On average, a 
+1% increase in specific emissions is observed after one year, with 
cumulative effects becoming more pronounced with continued vehicle 
use. Several sources underscore the influence of routine maintenance 
on limiting increases in fuel consumption. Notably, [18,19] emphasize 
the effect of timely oil changes, while others [20,21] link increased fuel 
consumption to additional factors such as under-inflated tyres, worn 
spark plugs, and degraded injectors. Consequently, two maintenance 
scenarios are modeled:

• no maintenance—assuming a 1% annual increase in fuel con-
sumption (and thus kgCO2,eq∕km);

• ordinary maintenance—limiting the increase to 0.5% per year.

Second, ICE tailpipe emissions include pollutants other than CO2, such 
as nitrogen oxides (NOX), hydrocarbons (HC), and carbon monoxide 
(CO), which indirectly contribute to global warming. To include these 
effects, the following methodology is adopted:

• Conversion factors are sourced from reputable databases and 
literature [50–52] to express each pollutant in terms of (gCO2,eq).

• Typical emission levels for each pollutant have been compiled, 
obtaining representative values of their relative percentage con-
tribution, using recent average values from certified testing data 
and technical reports. [50,53].

The inclusion of these indirect pollutants results in an average +7% 
increase in the calculated use-phase GWP impact for ICE vehicles, 
i.e. 𝑑 = 1.07.

Taken together, the integration of vehicle aging effects (+1% every 
year) and non-(CO2,eq) tailpipe emissions (+7%) contributes to a more 
conservative and realistic estimation of internal combustion vehicle 
emissions. These corrections ultimately strengthen the robustness of 
predictions in scenarios where the environmental cost of keeping older 
vehicles on the road is compared to replacing them with new alterna-
tives powered by battery-electric or hybrid systems. Degradation effects 
have deliberately not been applied to BEVs and hybrids (see following 
paragraphs), partly to reflect anticipated technological advancements 
in the near future and, once again, to ensure that any recommendations 
supporting the retention of older ICE vehicles remain conservative and 
robust.
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Fig. 5. Graphical User Interface (GUI) of the impact assessment tool, showing input panels on the left for vehicle and user parameters, and output panels on the 
right displaying comparative results for one of the selected scenarios.
Battery electric vehicles. The specific climate change impact per kilo-
meter of use 𝑆∗

𝑈,𝑖, expressed in (kgCO2,eq∕km), is calculated by mul-
tiplying the country-specific Emission Factor 𝐸𝐹𝑊 𝑇𝑇 ,𝑖, expressed in 
(kgCO2,eq∕kWh), by the specific electricity consumption of each vehicle 
category 𝐶𝑖, expressed in (kWh∕km): 

𝑆∗
𝑈,𝑖 = 𝐸𝐹𝑊 𝑇𝑇 ,𝐸𝑉 ⋅ 𝐶𝑖 (5)

Using country-specific 𝐸𝐹𝑊 𝑇𝑇 ,𝐸𝑉  values is of paramount importance 
to ensure realistic predictions, as these can vary by up to two or-
ders of magnitude, e.g., Estonia (693 (g CO2,eq∕kWh)) vs. Sweden (8 
(g CO2,eq∕kWh)). The specific consumption 𝐶𝑖 is derived from gray 
literature sources [45,54], based on the 10+ identified models for each 
vehicle segment. The specific impact 𝑆∗

𝑈,𝑖 is further corrected by a 15% 
factor to account for charging losses, following the Association of Fleet 
Professionals [55]: 
𝑆𝑈,𝑖 = 𝑆∗

𝑈,𝑖 ⋅ 1.15 (6)

Finally, measured specific consumption values 𝐶𝑖 (kWh∕km) have been 
compared to WLTP-declared values and found to be, on average, 20% 
higher.

Plug In hybrid vehicles. For PHEVs, two independent power sources 
exist, and the Electric Driving Share (EDS) must be taken into account 
to compute the specific climate change impact per kilometer of use 𝑆𝑈,𝑖: 

𝑆 = 𝐸𝐷𝑆 ⋅ 𝐸𝐹 ⋅ 𝐶 + (1 − 𝐸𝐷𝑆) ⋅ 𝐸𝐹 ⋅ 𝐶 (7)
𝑈,𝑖 𝑊 𝑇𝑇 ,𝐸𝑉 𝑖,𝐸𝑉 𝑊 𝑇𝑊 ,𝐼𝐶𝐸 𝑖,𝐼𝐶𝐸
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where the subscript ‘‘ICE’’ refers to either diesel or gasoline, depend-
ing on the vehicle model. The required data on 𝐸𝐷𝑆 and specific 
consumption values are sourced from [56], which presents a large-
scale analysis of the average real-world fuel consumption and electric 
driving share of approximately 9000 private and company PHEVs in 
Europe. The dataset combines information from gray literature [45] 
(42%), company reports (33%), the German Aerospace Center (17%), 
and various websites or surveys (8%).

2.3. Impact assessment and interpretation

The interpretation of results is of paramount importance, as the 
main goal of the analysis is to answer the question: Which option—
keeping the current car or switching to a new one—is the most sustainable?
The scope of the analysis is limited to the mobility-related carbon 
footprint of a single user, whose driving habits (i.e., annual mileage) 
and location (necessary for estimating 𝐸𝐹𝑊 𝑇𝑇  electricity emissions) are 
assumed to remain unchanged, regardless of the chosen option. The 
moment in time when the user considers switching to a new car is 
treated as an input parameter rather than a variable to be optimized.
Graphical User Interface (GUI) structure and workflow. The overall im-
pact assessment is made accessible to the user through a dedicated 
graphical user interface (GUI), developed in Python, which allows the 
insertion of all relevant inputs, including details of the current vehicle 
and potential new vehicle(s). Multiple replacement options can be 
explored simultaneously. The GUI layout, shown in Fig.  5, features 
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Fig. 6. Schematic representation of the tool architecture and workflow. User defined inputs are combined with internally stored datasets (periodically updated, 
e.g., electricity mix) and processed by the LCA computational core to generate impact assessment results, which are visualized through the GUI.
Fig. 7. Visual representation of yearly (t CO2,eq) emissions and the contribution of each life cycle phase for one selected scenario.
input panels on the left and output data panels on the right, providing 
an intuitive environment for scenario comparison and decision-making. 
From a structural perspective, the tool is organized into three main 
components: (i) user-defined inputs, (ii) an internal database, and (iii) 
a computational core implementing the LCA model. User inputs include 
vehicle characteristics, annual mileage, geographical location, and in-
tended ownership duration. These inputs are combined with internally 
stored datasets, such as emission factors for fuels and electricity mixes, 
vehicle production footprints, and maintenance parameters. Emission 
factors are updated on a regular basis, typically annually, with partic-
ular attention to the electricity grid mix, which is subject to relatively 
rapid changes. In contrast, parameters such as average vehicle mass by 
category, specific energy consumption, production and EoL footprints, 
which evolve more slowly, are updated less frequently and are planned 
to be revised in future versions of the tool (e.g., release 2.0), ensuring 
consistency with technological developments.

The computational core processes both user inputs and database 
values to generate the life cycle impact results, which are then vi-
sualized through the GUI in graphical and numerical formats. The 
overall workflow of the tool, from data input to result interpretation, is 
schematically illustrated in Fig.  6. This structure ensures that the tool 
remains user-friendly while maintaining transparency in the underlying 
modeling assumptions.

All types of outputs generated by the tool will be discussed in the 
following paragraph.
9 
Interpretation of graphical outputs and maintenance contributions. The 
graphical output of the tool, such as the idealized representation shown 
in Fig.  1 and the example reported in Fig.  7, constitutes the starting 
point for the interpretation of results. In these graphs, the moment (in 
terms of time or mileage) at which the user considers switching to a 
new vehicle—defined as an input to the model—is explicitly visible, 
as it corresponds to the origin of the curve associated with the new 
vehicle.

A further aspect that deserves clarification concerns the presence of 
non-smooth trends (i.e., local spikes) observed in some of the emission 
profiles. These features are associated with the modeling of the main-
tenance phase, which is implemented as a set of discrete interventions 
occurring at predefined mileage or time intervals, according to typical 
maintenance schedules (cf. Section 2). As a result, maintenance-related 
impacts appear as stepwise contributions rather than continuous ones. 
It should be noted, however, that these spikes are of moderate intensity 
and do not significantly affect the overall trends or the comparative 
outcomes of the analysis.

Moreover, the magnitude and timing of these contributions depend 
on the specific scenario under analysis. In particular, the point at 
which a vehicle replacement is considered influences both the residual 
maintenance burden of the current vehicle and the initial condition of 
the new one. For instance, a newly purchased vehicle may not require 
significant maintenance in the early years, whereas a second-hand 
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vehicle may already be close to scheduled interventions. Consequently, 
the relative contribution of maintenance may vary across scenarios, 
contributing to differences in the observed trends.
Results interpretation. Several studies suggest using the breakeven point
(BEP) when comparing alternative vehicle choices. For example, Del 
Pero et al. [23] determine the ICE vs. BEV BEP at approximately 
45,000 km under certain grid conditions, while Messagie et al. [22] in-
troduce environmental optimization strategies for vehicle replacement 
that account for total life cycle emissions. While this can indeed be 
done, it is essential to remain consistent with the boundaries and goals 
of the present analysis. If the 𝑆𝑈,𝑖 parameter—the slope of the line 
representing the use-phase impact per km (or per year)—of the new 
car is lower than that of the current car, then a BEP can always be 
found. However, the key question is whether the BEP is reached within 
a meaningful time frame.

For this reason, as an integral part of the impact assessment, we 
define an End of Usage window of observation as the earliest occurrence 
among the following:

1. The current car reaches its EoL, here assumed at 200,000 km; at 
this point, switching to a new car is inevitable.

2. The current car reaches 20 years of age (relevant for very low 
annual mileage), after which replacement is assumed.

3. The new car reaches the end of its intended period of use 
(e.g., lease termination), in which case only the portion of 
the production footprint allocated to the analysis is considered, 
reflecting the limited ownership responsibility according to the 
depreciation model shown in Fig.  2.

For example, the end-of-usage window for a car driven 5000 km/year 
is determined by reaching 20 years, whereas for a car driven 25,000 
km/year it is determined by reaching 200,000 km. It should be noted 
that, while the tool uses standard values of car lifespan in terms of 
mileage and years (200,000 km and 20 years), these parameters can 
be customized, ensuring high adaptability to different contexts. If the 
BEP is reached within the defined observation window, the new car is 
considered the more sustainable option; otherwise, keeping the current 
car is preferable.

Beyond the BEP determination, the analysis also yields:
• the user’s total footprint in both scenarios, represented by the 
rightmost point of each line in the graph in Fig.  5,

• the total variation in emitted (kgCO2,eq) after a potential vehicle 
switch, i.e., the EoU change shown in Fig.  5

• the average yearly emissions (kgCO2,eq∕year) for each option, 
whose numerical values are indicated in Fig.  5 and graphically 
shown in Fig.  7),

• the relative contributions of each life cycle phase to the total 
annual emissions (cf. histogram in Fig.  7).

In the chosen example, representing a switch from a Segment C 
Euro 5 gasoline car to a Segment C BEV, the breakeven point (BEP) 
is reached within the end-of-use (EoU) window, although close to its 
limit. This example was purposely selected to illustrate all potential 
elements of the analysis, including the BEP. As a result, the yearly 
emissions of the current car are higher than those of the new car.

In this paper, yearly emissions are preferred to the BEP as a com-
parison metric, as they remain fully consistent with the window of 
usage, still indicate which option is more sustainable, and additionally 
provide direct information on the absolute amount of CO2 emitted, 
unlike the BEP. A further aspect that deserves clarification concerns the 
presence of non-smooth trends (i.e., local spikes) observed in some of 
the cumulative and yearly emission profiles. These features are primar-
ily associated with the modeling of the maintenance phase, which is 
implemented as a set of discrete interventions occurring at predefined 
mileage or time intervals, according to typical maintenance schedules 
(cf. methodology section). As a result, maintenance-related impacts 
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are not distributed continuously but appear as stepwise contributions, 
leading to localized increases in the emission curves.

Moreover, the magnitude and timing of these contributions depend 
on the specific scenario under analysis. In particular, the point at 
which a vehicle replacement is considered (in terms of mileage or age) 
influences the residual maintenance burden of the current vehicle as 
well as the initial condition of the new one. For instance, a newly 
purchased vehicle may not require significant maintenance in the early 
years, whereas a second-hand vehicle may already be close to scheduled 
interventions. Consequently, the relative contribution of maintenance 
can vary significantly across scenarios, contributing to differences in 
the observed trends.

The selected case studies are therefore intended to illustrate a set 
of representative conditions rather than exhaustively cover all possi-
ble configurations. The variability observed across scenarios reflects 
the flexibility of the proposed parametric framework, which captures 
the influence of usage patterns and vehicle history on the overall 
environmental performance.

The observed differences across scenarios are primarily driven by 
the interplay between production impacts, use-phase efficiency, and 
maintenance scheduling, which varies depending on mileage, owner-
ship type, and vehicle condition.

3. Results and discussion

The purpose of this section is to demonstrate the use of the tool 
presented in this work to analyze a series of specific cases. The aim is to 
exploit the full potential of the tool to investigate scenarios that, while 
representative of a large share of the European population, present 
specific features (in terms of annual mileage, shared ownership, etc.) 
that make the standard comparisons reported in other studies not fully 
representative.

The following scenarios are considered:
1. Segment C gasoline Euro 5, switch at 100000 km; annual 
mileage: 12000 km/year (mean EU value). Compares switching 
to Segment C Euro 6 gasoline, Euro 6 diesel, mild/full HEV, 
PHEV, and BEV, all possible new options within the same 
segment.

2. Used Segment B petrol Euro 5 at 100000 km; annual mileage: 
5000 km/year (very low usage). Compares with used (2 years 
old and 40000 km mileage) Segment B Euro 6 and BEV. This 
represents a user with low annual mileage who prefers used cars.

3. SUV BEV at 100000 km; annual mileage: 25000 km/year. Com-
pares with a new SUV BEV.

4. Segment C PHEV to BEV; annual mileage:12 000 km/year (mean 
EU value), all with a 3-year lease.

These case studies have been selected to cover different vehicle 
segments, powertrains, and ownership patterns, thereby providing a 
broad and representative basis for assessing the tool’s applicability 
across a variety of real-world scenarios. A visual representation of the 
four scenarios described above is provided in Fig.  8.

3.1. Scenario 1: Mean European user switching from Euro 5 gasoline to 
various new Segment C options

Scenario 1 represents the typical mean European user: the WTT 
emission factor is calculated using the average European electricity 
mix, and the annual mileage (12,000 km/year) corresponds to the mean 
European value. In this scenario, the user purchases a new vehicle 
and intends to keep it for a long period (no lease contract), thereby 
assuming full responsibility for both the production and EoL burdens. 
The comparison across five alternative options (Euro 6 gasoline, Euro 6 
diesel, mild/full HEV, PHEV, and BEV) yields reasonable and realistic 
results. For a switch to be advantageous, the slope of the use-phase 
impact curve should differ sufficiently from that of the starting option. 
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Fig. 8. Schematic representation of the four scenarios analyzed in this study, illustrating vehicle type, used/new/lease condition, and annual mileage for each 
case.
Fig. 9. Scenario 1 results. Left: Cumulative CO2,eq footprint over the observation window for the current vehicle and each replacement option. Right: Yearly 
CO2,eq emissions comparison between the current car and potential new vehicles.
In this case, as shown in Fig.  9, PHEV and BEV configurations are 
particularly advantageous, reducing yearly emissions by approximately 
22% and 32%, respectively. In the remaining cases, the switch produces 
negligible benefits: the total emissions at the end of the usage observa-
tion window are essentially identical to those of the original Euro 5 
gasoline vehicle. Given the standard settings, this example can also be 
used as a validation case: the resulting emission values, once converted 
to (gCO2,eq∕km) for the different powertrains, match very well with 
those found by independent recent sources such as the ICCT report [17] 
and the online calculator provided by Elektromobilität.NRW [57].

3.2. Scenario 2: Low-mileage user preferring used cars

In this scenario, a user with a low annual mileage (5000 km/year) 
considers switching from a 13-year-old, 100,000 km Euro 5 gasoline 
Segment B vehicle to either a 2-year-old, 40,000 km BEV or a Euro 6 
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gasoline vehicle of the same segment. Since the replacement options 
are used cars, their production and EoL footprints are proportionally 
reduced according to the allocated ownership share. Nevertheless, de-
spite this reduction in production+EoL impacts and the lower slope of 
the use-phase line, the results clearly indicate that retaining the current 
Euro 5 vehicle is still the more sustainable choice.

Specifically, switching to a Euro 6 gasoline car increases the yearly 
CO2,eq emissions by approximately 20%, while switching to a BEV 
increases them by around 15%. As shown in Fig.  10, these results 
hold true even when accounting for the higher maintenance foot-
print associated with older vehicles. This scenario demonstrates that, 
for low annual mileages, the environmental cost of production and 
EoL—despite being lower for second-hand vehicles—still outweighs the 
potential savings from reduced use-phase emissions, making it more 
sustainable to keep the current car.
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Fig. 10. Scenario 2 results. Left: Cumulative CO2,eq footprint over the observation window for the current vehicle and each replacement option. Right: Yearly 
CO2,eq emissions comparison between the current car and potential new vehicles.
Fig. 11. Scenario 3 results. Left: Cumulative CO2,eq footprint over the observation window for the current vehicle and the replacement option. Right: Yearly 
CO2,eq emissions comparison between the current car and the new potential vehicle.
 

3.3. Scenario 3: High-mileage BEV SUV owner considering a new BEV SUV

In this scenario, a user who drives 25,000 km/year and already 
owns a BEV SUV considers switching to a new BEV SUV. The full 
potential of the proposed tool has been exploited to make the prediction 
more robust by introducing forward-looking assumptions. Specifically, 
the new BEV SUV is modeled with production, end-of-life, and use-
phase footprints all reduced by 25% to simulate a plausible near-future 
context in which the automotive industry adapts to stricter environ-
mental regulations for manufacturing and end-of-life processes, while 
the mean EU WTT electricity mix improves.

Nevertheless, as shown in Fig.  11, the yearly CO2,eq emissions 
remain 48% lower if the current vehicle is retained. This finding 
clearly demonstrates that, even in a scenario where cleaner production 
processes and a greener electricity mix are assumed, extending the 
lifespan of the current BEV through appropriate maintenance is a 
crucial strategy to minimize environmental impact.

3.4. Scenario 4: Lease contract user considering a switch from MHEV/FHEV
to BEV

This scenario examines a user with an annual mileage of 12,000 km 
(EU mean) who operates under a lease contract, which provides the op-
tion to switch to a new car after three years or to keep the current one. 
The current vehicle is a Segment C Mild/Full Hybrid (MHEV/FHEV), 
and the alternative under consideration is a new Segment C BEV.

In this case, the production and EoL footprint of the new BEV 
is proportionally reduced to reflect the limited three-year ownership 
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period. Despite this reduction, along with the lower kgCO2,eq∕km use-
phase impact of the BEV and the higher maintenance requirements of 
the current MHEV compared to the new vehicle, keeping the current 
MHEV remains the more sustainable option. As shown in Fig.  12, 
retaining the MHEV results in a 14% lower overall footprint than 
switching to the BEV.

3.5. Methodological advantages, limitations, and future developments

The results presented above highlight the potential of the proposed 
tool as a decision-support framework for evaluating vehicle replace-
ment versus retention under tailored usage conditions. To the best of 
the authors’ knowledge, this is one of the few tools that enables a direct 
comparison between alternative scenarios defined at the level of the 
individual user, rather than relying on average values representative of 
broad population categories. In particular, the tool explicitly accounts 
for parameters such as annual mileage, geographical location, owner-
ship duration, and vehicle condition (new, used, or leased), as well 
as aspects that are often neglected in the literature, including partial 
ownership allocation and second-hand vehicle dynamics. This level of 
customization allows for a more realistic representation of real-world 
decision-making processes.

At the same time, the methodology relies on a number of simpli-
fying assumptions that should be acknowledged. First, the analysis is 
currently limited to a single impact category, namely climate change 
expressed in kgCO2,eq. While this indicator is widely recognized as a 
key metric for assessing environmental performance, it does not cap-
ture the full spectrum of environmental impacts. For instance, certain 
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Fig. 12. Scenario 4 results. Left: Cumulative CO2,eq footprint over the observation window for the current vehicle and the replacement option. Right: Yearly 
CO2,eq emissions comparison between the current car and the new potential vehicle.
processes or components (e.g., battery end-of-life management) may 
have a limited contribution in terms of greenhouse gas emissions but 
could be significantly more critical when evaluated using other impact 
categories, such as toxicity or resource depletion.

A natural extension of the present work is therefore the inclusion of 
additional impact categories within a multi-indicator LCA framework, 
allowing for a more comprehensive environmental assessment. Further-
more, the integration of Life Cycle Costing (LCC) would represent a 
valuable enhancement, enabling the simultaneous evaluation of envi-
ronmental and economic sustainability, which is of primary importance 
for end users when making vehicle-related decisions.

From a software perspective, the maintainability of the tool is 
ensured through the modular structure of the internal database, which 
allows for periodic updates of key parameters. In particular, emission 
factors (especially those related to the electricity grid mix) are updated 
regularly to reflect evolving energy systems, while other parameters 
characterized by slower dynamics (e.g., average vehicle mass and 
specific consumption by category) are planned to be revised in future 
versions of the tool. Ongoing developments also aim to expand the 
scope of the database and improve the flexibility of the computational 
framework.

Overall, while the current version of the tool provides a robust and 
user-oriented approach to carbon footprint-based decision-making, fu-
ture developments will focus on extending its methodological scope and 
enhancing its applicability to a broader set of sustainability indicators.

4. Conclusions

The tool developed in this study allows for a comprehensive and 
case-specific assessment of the mobility-related carbon footprint asso-
ciated with the choice between retaining a current vehicle or switching 
to a new one. Unlike many existing studies, which often rely on average 
user profiles and new vehicle comparisons, the present approach en-
ables the analysis of specific, non-average cases, including users with 
annual mileage or ownership patterns that deviate significantly from 
the mean.

A key feature of the tool is its ability to include existing vehicles, 
for which production and end-of-life emissions are already past events 
and therefore no longer relevant to the decision-making process. This 
capability is critical to realistically evaluate the environmental conse-
quences of keeping older vehicles in operation, as demonstrated in the 
four scenarios analyzed. The results show that in several situations—
particularly for users with lower-than-average annual mileage and/or 
shorter-than-average vehicle lifespans—it is environmentally preferable 
to keep the current vehicle on the road rather than replacing it, even 
with more efficient alternatives.
13 
The analysis also highlights the crucial role of maintenance. Proper 
and timely maintenance helps keep per-kilometer emissions stable and 
ensures that vehicles can achieve their expected lifespans. This is 
especially relevant in all cases where extending the vehicle’s life avoids 
the need for premature production of new vehicles, thereby preventing 
the associated environmental burden.

The tool also provides a transparent and quantitative way to visu-
alize the effects of different scenarios through both break-even point 
(BEP) analysis and yearly emissions comparison, with the latter being 
preferred as a more informative metric. Future developments may 
include the integration of economic sustainability assessments along-
side environmental impact analysis, as well as the extension to other 
impact categories beyond climate change, in order to better inform user 
decisions with a multi-criteria perspective.
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