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Publishable Executive Summary

The European Union (EU) seeks to decouple economic growth from resource use and achieve carbon
neutrality across all sectors by 2050.

From the environmental point of view, global CO;emissions and increasing temperatures require a major
decarbonization effort to reach carbon neutrality by 2050. To accomplish this goal, the transport sector needs
a major switch towards vehicles with zero tailpipe emissions. The majority of Heavy-Duty Vehicles (HDVs)
and buses is still diesel-based. Zero-Emission Heavy-Duty Vehicles (ZE HDVs) with comparable
performance to diesel-based HDVs are paramount to meet the carbon neutrality goal. Eliminating tailpipe
emissions will reduce pollutant emissions, clean the air, reduce noise, improve accessibility, and enhance
urban and peri-urban environments. In addition, while environmental, and energy-related vehicle regulations
have primarily focused on tailpipe energy use and emissions in the past, these do not account for the full
environmental impacts of vehicle use. Recent efforts aim to harmonise international regulations on tailpipe
emissions and expand their scope to include emissions from other life-cycle phases. These include vehicle
production, especially in the case of vehicles using batteries, and emissions from hydrogen production and
electricity generation. The Life Cycle Assessment (LCA) approach is used worldwide as a valid approach to
evaluate the environmental impacts of products along their entire life cycle.

From the economic point of view, nowadays, the cutting-edge effort for the deployment of ZE HDVs is
enhancing performance while lowering production and operational costs to compete with conventional
technologies. The affordability and reduction of operational costs of ZE HDVs will improve user adoption,
allowing the technology to scale up its carbon reduction potential.

Furthermore, it is worth noticing that in the EU market, in 2020, only 0.24 % were zero-emission vehicles,
providing a huge potential for the transformation of the transport sector to ZE HDVs by 2050. With the
massive shift towards ZE HDVs, the aim is to generate major benefits for citizens’ health and quality of life,
but also support EU economic growth, creating a solid base for new business opportunities. The financial
resources allocated by the EU to achieve these goals are significant, totalling 600 million € from the Next
Generation EU Recovery Plan and a major portion of the EU multi-annual financial framework programme
2021-27, which includes Horizon Europe. This places the EU at the forefront of the new Green Economy.

Hence, both the environmental and economic perspectives should be considered when ZE HDVs need to be
compared with conventional counterparts.

The objective of EMPOWER is to deliver two modular and flexible ZE HDVs. One of the demonstrators
will be a Fuel Cell Electric Vehicle (FCEV) suitable for long-haul operation conditions with a maximum
unrefuelled range of 750 km. The second one, a Battery Electric Vehicle (BEV), will be designed for
regional distribution mission profiles with a maximum uncharged driving range of 400 km. Based on the
above facts, and according to the objectives and ambition, EMPOWER has the strategic vision of (1)
delivering the next generation of affordable and highly efficient ZE HDVs, (2) accelerating the uptake of
zero tailpipe emission, user-centric solutions for road-based mobility, and (3) supporting the European
economic growth and providing a solid base for new business opportunities.

This deliverable focuses on the activities of WP1 (Task 1.4). The aim of this task is twofold.

First, it aims to evaluate a reliable 2020 diesel baseline truck in terms of environmental LCA and Total Cost
of Ownership (TCO), covering all life cycle phases (e.g., production, use phase, end of life, with all
influencing parameters included in the analysis: materials, resources, processes, etc.). This baseline is
intended to be used as a reference point for comparison with the two EMPOWER demonstrators that will be
developed during the project. In fact, during WP7 (Task 7.4), the LCA and TCO of the two demonstrators
will be evaluated and compared with the selected baseline.
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Second, the aim of Task 1.4 is to preliminarily assess the LCA and TCO of the EMPOWER demonstrators.
The preliminary assessments aim to evaluate decarbonization potentials of the demonstrators against their
conventional counterparts as well as forward-looking TCO reductions assuming mass production. Employing
comparative LCA and TCO analysis among the baseline vehicles and the demonstrators, this task aims to
identify their environmental and financial ramifications, providing inputs for conscious decision-making.

Polytechnic of Turin (POLITO) and IFP Energies nouvelles (IFPEN) conducted the activities related to WP1
(Task 1.4) taking the final aim within the EMPOWER project in mind, which is to perform 1) a detailed
LCA study of the developed demonstrators to identify the minimum achievable impact on environment,
representative values for CO; emissions, and potential improvements in the environmental impact of the
technological solutions on vehicle and system level; 2) an analysis of the TCO of the two demonstrators to
reveal the economic impact. By comparing the TCO and LCA results of different vehicles, a clearer
understanding of the financial and environmental implications of each vehicle over its lifetime can be gained,
thereby informing more sustainable and economically sound decisions. TCO and LCA assessments serve as
vital tool for decision-makers, enabling the choice on the most economically and environmentally
sustainable path.

First, an exhaustive literature review has been conducted to identify the state-of-the-art 2020 diesel baseline
truck (see paragraph 2.2 for LCA literature review and paragraph 3.2 for TCO literature review).
Regrettably, this attempt underscored a glaring deficiency in reliable data availability. During WP1 Task 1.4,
two decisions have been taken which have resulted in addition to the original proposal: (1) two baselines
(and not one) have been identified as representative of the 2020 diesel baseline trucks in EU; (2) the
baselines have been evaluated employing Iveco Group (IVG) company-specific data. In fact, despite the two
demonstrators being both HDVs of the same Vehicle Energy Consumption Calculation Tool (VECTO)
group, they are intended to be used in different operation conditions and necessitate two comparable diesel
counterparts. Furthermore, the use of company-specific data is always beneficial for LCA and TCO
assessments, hence this decision will not harm the project final aim. LCA and TCO analysis based on
company-specific data rather than literature data benefit of more solid data and high-reliability in the
achieved results. Moreover, using company-specific data, the LCA models that are going to be developed in
WP7 will benefit from the work conducted in WP1. In fact, the two demonstrators will be designed and
prototyped so that several components will be taken as carryover from the diesel configurations while other
systems will be removed or added to the diesel configurations based on their functions. Instead, the results of
the literature review serve to depict how POLITO’s and IFPEN’s assumptions are localized in the existing
literature and to validate the results obtained in this deliverable.

Second, for the LCA and TCO models of the two 2020 diesel baseline trucks, major details have been
reported in paragraph 6 and 7. Results are respectively reported in paragraphs 8.1.1 and 8.2.1.

Lastly, a preliminary cradle-to-grave LCA study of the two demonstrators (paragraphs 6.7 and 6.8), covering
all life cycle phases has been performed to preliminary estimate their positive effect on environmental impact
and circularity. Then, the LCAs of the two demonstrators have been compared with the LCAs of the two
baselines. For the FCEV demonstrator (paragraphs 6.7), four scenarios have been set up based on diverse
hydrogen production routes: steam methane reforming (SMR), steam methane reforming with carbon capture
and storage (SMR + CCS), Alkaline Electrolysis (AE) using fossil-based electricity from the EU mix, and
green hydrogen produced via AE using offshore wind-based electricity. Therefore, four scenarios have been
set up, namely “FCEV-SMR”, “FCEV-SMR+CCS”, “FCEV-AE fossil based” and “FCEV-AE wind based”.

The LCA model of the hydrogen tank as well as the LCA model of the FC system (paragraph 6.7.2) have
been performed based on secondary data but fine-tuned to suit the EMPOWER demonstrator requirements.
For the BEV demonstrator (paragraph 6.8), similar to the FCEV demonstrator, two electricity mixes have
been compared, namely fossil-based from the EU mix and offshore wind-based. Therefore, two scenarios
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have been set up, namely “BEV” and “BEV wind”. The LCA model of the Li-ion battery pack (paragraph
6.8.1) has been performed. A preliminary TCO evaluation of the two demonstrators has been conducted
(paragraph 8.2.2). Then, the TCOs of the two demonstrators have been compared with the TCOs of the two
baselines. The preliminary evaluation includes an initial projection scenario that accounts for the reduction in
component prices due to mass production by 2030 and 2050. For the FCEV demonstrator, four scenarios
related to hydrogen production and costs have been investigated: SMR, SMR+CCS, electrolysis using
electricity from the EU grid, and green hydrogen produced via electrolysis powered by renewable energy
sources.

For both LCA and TCO, it has been assumed that the FCEV demonstrator is equipped with two battery packs
while the BEV demonstrator with 7 batteries.

Key findings are summarized hereafter. For both the baselines and almost all the scenarios investigated for
the EMPOWER demonstrators, the main driver to the GWP has been found to be the Well-To-Tank (WTT)
phase. Conversely, for the BEV demonstrator scenario with wind-based electricity, the raw material
acquisition phase has been found to be the main driver accounting for 57 % of the overall GWP impact. This
outcome demonstrates that the more the decarbonization strategy is effective and the GWP reduced, the more
the impact shifts towards vehicle production and raw material supply. Lastly, compared to the DIE-LH, the
scenario in which hydrogen is produced by means of AE with wind-based electricity resulted to be the least
impactful allowing for a GWP reduction of 80 %. Compared to the DIE-R, the BEV scenario with wind-
based electricity resulted as the least impactful allowing for a GWP reduction of 89 %.

The comprehensive LCA results (assessing not only GWP but also other impact categories) have shown that
the WTT phase emerged as the most impacting phase in almost all impact categories. Conversely, the
acquisition of raw materials emerged as the most impacting phase in the mineral and metal resource use
category. This highlights the need for efficient circular economy strategies coupled with decarbonization
strategies. In this study, the vehicle and the Li-ion battery packs have assumed to be recycled and credits are
given as a benefit for the avoided production of virgin materials.

Moving from the vehicle level to the part level, ad-hoc LCA models have been developed for the Li-ion
batteries, FC system, and hydrogen tanks. It is worth noting that, for the FCEV demonstrator, the catalyst has
been found to be the most environmentally impactful component in the FC system, primarily attributed to the
presence of platinum. This is attributable to the significant energy consumption and Greenhouse Gas (GHG)
emissions associated with platinum production, encompassing mining, processing, and refining stages. For
the BEV demonstrator, the GWP of the Li-ion battery has been found to be predominantly influenced by raw
material extraction and manufacturing phases. This is mainly due to battery cell production, with cobalt
sulphate and nickel sulphate being the primary contributors, alongside electricity consumption and lithium
carbonate. The EoL phase, particularly the recycling process, marginally affected the GWP. However,
notable environmental burdens are observed in ozone depletion, ionizing radiation, photochemical ozone
formation, terrestrial eutrophication, land use, and fossil resource consumption during the recycling process.
This is chiefly attributed to diesel utilization as fuel in the recycling process, thereby indirectly impacting
diesel production.

For the TCO, the two baselines were evaluated across their entire life cycles, from purchase to EoL, which
represents the resale phase for fleet operators. Key determinants influencing the economic viability of the
demonstrators, notably purchase cost and energy carrier cost, were identified, collectively constituting over
50% of the overall economic evaluation. While certain costs, such as driver expenses, remained constant and
beyond immediate control, the focus remained on controllable aspects, particularly the subsystems of the
demonstrators. Through targeted efforts aimed at mass production and consequent cost reductions in
components like battery packs, fuel cell stacks, and hydrogen tanks, efforts aim to achieve TCO parity in
2030 and a TCO reduction over the 2030s. Furthermore, the critical importance of the energy carrier, lying
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beyond direct manufacturer control, was emphasized. Thus, a comprehensive exploration of various
scenarios is essential to equip policymakers with the insights necessary for guiding the freight transport
sector towards decarbonization, aligning with the overarching goals of the EMPOWER project.

Further improvements and scenarios are under study for development during WP7 and deployment in
deliverable D7.1. The aim is to better depict the future 2029 situation when the demonstrators are expected to
approach the market. Among the main aspects, great efforts are in place from both POLITO and IVG to
increase the primary data coverage in the LCA and TCO results of both the baselines and the EMPOWER
demonstrators. All the models developed during the preliminary LCA and TCO assessment will be fine-
tuned during the project according to the future advancements in the demonstrator design.
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Abbreviations and Nomenclature

Table 1: List of Abbreviations and Nomenclature

Symbol or Shortname | Description
ZE HDV Zero-Emission Heavy-Duty Vehicles
LCA Life Cycle Assessment
TCO Total Cost of Ownership
GHG Greenhouse Gas
FC Fuel Cell
VECTO Vehicle Energy Consumption Calculation Tool
DIE-R 2020 diesel baseline truck with regional distribution mission profile
DIE-LH 2020 diesel baseline truck with long-haul distribution mission profile
BEV Battery Electric Vehicle
FCEV Fuel Cell Electric Vehicle
EoL End of Life
SMR Steam Methane Reforming
CCs Carbon Capture and Storage
GWP Global Warming Potential
AE Alkaline Electrolysis
HDV Heavy-Duty Vehicles
LCI Life Cycle Inventory
LCIA Life Cycle Impact Assessment method
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1. Introduction

The escalating worldwide CO, emissions and rising temperatures underscore the urgent necessity for a
significant decarbonization in our economies and ways of living. In December 2019, the EU approved the
European Green Deal Action Plan [1] intending to transform the Union into a modern, resource-efficient,
competitive, and inclusive economy. The plan aims to decouple economic growth from resource use and
achieve full carbon neutrality in all economic sectors by 2050. In 2020, the transport sector in the EU-27 was
responsible for almost 27% of CO; emissions [2].Approximately 5.6% of emissions are generated by HDVs
and buses [3]. Moreover, a study conducted by the European Automobile Manufacturers’ Association
(ACEA) found out, that in 2020 about 6.2 million medium and heavy-duty commercial vehicles were on the
EU’s roads [4]. Hence, this sector requires a significant transition to zero tailpipe emissions to accomplish
complete carbon neutrality by 2050. Transitioning to zero tailpipe emission road mobility will result in
concrete advantages such as decreased pollutant emissions, cleaner air (including unregulated pollutants,
nanoparticles, and secondary pollutants), reduced noise, improved accessibility, and enhanced urban and
peri-urban environments.

To reach the prospected goals, ZE HDVs with a similar performance as conventional HDVs are necessary.
Nowadays, the challenge is not demonstrating technologies for electrification, but instead improving their
performance while cutting their production and operational costs, with the aim of reaching competitiveness
against their conventional counterparts. The resulting affordability of ZE HDVs together with the expected
reduction of operational costs will increase their user acceptance, allowing the technology to deploy its
carbon reduction potential at scale.

The objective of EMPOWER is to deliver two modular and flexible ZE HDVs of VECTO group 9, as define
in [5], with a Gross Vehicle Weight (GVW) of at least 40 tons, both at Technology Readiness Level (TRL)
8. One of the demonstrators will be a FCEV suitable for long-haul operation conditions with a maximum
unrefuelled range of 750 km. The second one, being a BEV, will be designed for regional distribution
mission profiles with a maximum unrecharged driving range of 400 km.

Within the EMPOWER project, a fundamental objective of WP1 (Task 1.4) is to develop the LCA model of
a 2020 diesel baseline truck and estimate the current TCO achieved with the EMPOWER vehicle
demonstrators (for the LCA, a brief introduction to the topic can be found in paragraph 2.1 while for the
TCO, a brief introduction to the topic can be found in paragraph 3.1). The baseline is intended to be used as a
reference point for comparison with the two EMPOWER demonstrators that will be developed during the
project. The analysis of the two demonstrators will be performed during WP7 (Task 7.4) with data from the
actual EMPOWER developments. Furthermore, besides the assessment of the two baselines, a preliminary
estimation of the LCA and TCO of the two demonstrators have been performed. For the TCO the analysis
has been conducted assuming a production volume of more than 10,000 trucks per year, trying to anticipate
and estimate the cost reduction due to mass production.

For the selection of the baseline, the aim is to ensure that it is representative of the state-of-the-art in 2020,
thereby accurately mirroring the current EU market and specific applications under consideration within the
EMPOWER framework. According to [4], in 2020, approximately 96.3 % of EU trucks ran on diesel fuel,
therefore a diesel powertrain has been chosen. Moreover, two baselines (and not one) have been identified to
perform a fairer and more rigorous comparison with the two demonstrators, which are both HDVs of the
same VECTO group but used in different operation conditions, i.e., long-haul, and regional distribution
mission profiles. In fact, the main contributor to the impact of a diesel-based vehicle is the use phase, which
is significantly different between long-haul and regional distribution mission profiles.

During WP1, first, a literature review has been conducted focused on the LCA (paragraph 2.2) and TCO
(paragraph 3.2) of diesel oil-fuelled VECTO group 9 trucks. For the LCA, the aim is to find representative
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values of CO2eq and identify the most important categories considered in an LCA study dealing with the
LCA of HDVs. All the publications found have been scrutinized and investigated in terms of time coverage,
geographical coverage, powertrain technology, replicability, functional unit, system boundary, annual
mileage, vehicle lifetime, software, database, impact categories under the scope and Life Cycle Impact
Assessment (LCIA) method, and carbon footprint (COeq) results. The TCO literature review aims to
establish a representative monetary value for two 2020 diesel trucks from the VECTO group 9 category. A
systematic literature review has been conducted to explore the economic assessment of conventional heavy-
duty vehicles. This literature review considers the primary parameters outlined in the environmental
assessment (e.g., annual mileage, vehicle lifetime) but also cost types included in the model, inflation, and
actualization of cash flows to ensure a comprehensive evaluation of the economic aspects of these vehicles.
This approach aims to establish well-comparable baselines with the two demonstrators that will be developed
within the project.

Regrettably, the literature review resulted in a glaring deficiency in reliable data availability, compelling a
shift towards assessing the baselines employing 1IVG company-specific data. Therefore, the LCA and TCO
of the baselines are not limited to the investigation of the literature studies, but two 1VG-specific vehicle
models have been identified as 2020 baseline diesel trucks. The reason for this choice is twofold: first, the
results are solid and benefit of high-reliability, second the LCA models that are going to be developed in
WP7 will benefit from the work conducted in WP1. The two demonstrators will be designed and prototyped
so that several components will be taken as a carryover from the diesel configurations (e.g., front axles,
suspensions, tag-axles, trailer connections) while other systems will be removed or added to the diesel
configurations based on their functions (e.g., batteries, fuel cell system, hydrogen tanks). Instead, the results
of the literature review serve to depict how POLITO’s assumptions are localized in the existing literature and
to validate the results obtained in this deliverable. The use of company-specific data is always beneficial for
LCA and TCO assessments, therefore this decision will not harm the project's final aim.

Second, the objective of WP1 is to develop the LCA and TCO model of a 2020 diesel baseline truck. Both
the LCA and TCO models of the baseline trucks have been developed considering its full life cycle (e.g.,
production, use phase, end of life, with all influencing parameters included in the analysis: materials,
resources, processes, etc.). Data to feed the models and the parameters influencing and needed for the LCA
and TCO studies (materials, resources, processes, cost flows etc.) have been provided by all involved project
partners along the value chain, while relevant databases, industrial reports, and literature studies have been
used to fill data gaps. Major details on the LCA and TCO models developed during WP1 have been reported
in paragraph 6 and 7. According to the previous paragraph, the LCA models, as well as the TCO models, of
the two 2020 diesel baseline trucks have been developed from scratch based on IVG data.

Lastly, a preliminary cradle-to-grave LCA study (paragraphs 6.7, 6.8) and preliminary TCO study (paragraph
8.2.2) of the two demonstrators, covering all life cycle phases have been performed to preliminary estimate
their positive effect on environmental impact, circularity, and economic impact. For the preliminary
assessment of the FCEV demonstrator (paragraphs 6.7), four scenarios have been set up based on diverse
hydrogen production routes. For the hydrogen tank, instead, 5 tanks with a total weight of 73 kg hydrogen
have been included in the FCEV demonstrator in compliance with deliverable D1.1. A dedicated sub-task
focused on performing the LCA of an FC system suitable for the EMPOWER long-haul heavy-duty truck
(paragraph 6.7.2). For the preliminary assessment of the BEV demonstrator (paragraph 6.8), two electricity
mixes, namely fossil-based and wind-based, have been compared. Therefore, two scenarios have been set up,
namely “BEV” and “BEV wind”. The fossil-based electricity mix is the EU mix. In the regional distribution,
it has been assumed that the BEV has been equipped with 7 batteries in compliance with deliverable D1.1. A
dedicated subtask focuses on the LCA model of the Li-ion battery pack (paragraph 6.8.1).
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For the preliminary TCO evaluation of the two demonstrators, the study aims to compare the demonstrators
with two established baseline vehicles. The preliminary analysis includes an initial projection scenario that
anticipates a reduction in component prices due to mass production by the years 2030 and 2050. Specifically
for the FCEV demonstrator, four distinct scenarios concerning hydrogen production and associated costs
were analyzed. These scenarios include hydrogen production through SMR (i.e., grey hydrogen), SMR+CCS
(i.e., blue hydrogen), electrolysis using electricity from the EU grid, and green hydrogen production via
electrolysis powered by renewable energy sources. This comprehensive approach ensures that the evaluation
considers various future developments and technological advancements, providing a robust basis for
comparing the economic viability of the demonstrators against conventional diesel trucks.
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2. Introduction to Life Cycle Assessment and literature review
2.1 Introduction to Life Cycle Assessment

LCA is a structured, comprehensive, and internationally standardized method. It quantifies all relevant
emissions and resources consumed and the related environmental and health impacts and resource depletion
issues that are associated with any goods or services (“products”). LCA takes into account a product’s full life
cycle: from the extraction of resources, through production, use, and recycling, up to the disposal of remaining
waste [6] (Figure 1). LCA is often used as a relative tool, intended for comparison rather than absolute
evaluation, and is used to help decision-makers choose between alternative courses of action [7]. The approach
is increasingly being integrated with life cycle costing and social-LCA to encompass the three pillars of
sustainability [7].

’ Raw material

End oflife P
acquisition

Manufacturing

A < hf R
Distribution

Figure 1: Life cycle of a product

ISO 14040 and 14044 are the main reference standards for practitioners of LCA and provide the indispensable
framework for conducting an LCA study [6] . 1SO 14044 details the requirements for conducting an LCA
while 1SO 14040 describes the principles and framework of an environmental assessment. According to the
previous standards, the four phases of an LCA study are as follows:

1) Goal and scope definition;

2) Inventory analysis;

3) Impact assessment;

4) Interpretation and discussion of results.

The goal and scope definition phase refers to the determination of the object and purpose of the LCA study
and the corresponding system boundaries. Second, the inventory analysis phase involves the collection of the
data necessary to meet the goals of the defined study. It is an inventory of input/output data about the system
being studied. The purpose of the impact assessment phase is to transform the long list of inventory data into
a limited number of indicator scores by using a specific life cycle impact assessment method. These indicator
scores express the relative severity of an environmental impact category, to better understand the
environmental significance of the product, process, or service under study. In the phase of interpretation and
discussion, the results of the impact assessment are summarized and discussed as a basis for conclusions,
recommendations, and decision-making following the goal and scope definition [8].

This project has received funding from the European Union’s HORIZON EUROPE research and innovation programme
under grant agreement No. 101096028. The content of this publication is the sole responsibility of the Consortium partners
listed herein and does not necessarily represent the view of the European Commission or its services.

D1.3: LCA and TCO assessment of baseline vehicles (PU)

EMPOWER Page 15 Version 2023-06-28



¢ EMPOWER

/ Life cycle assessment framework \

4 I /- ~
Goal and scope >
definition

¢ 1

A

Inventory analysis | " Interpretation

. 1

Impact assessment |4

P —

Figure 2: Phases of an LCA

In defining the scope and goal of an LCA, the main items that should be considered and clearly described are
the product system to be studied, the functional unit, and the system boundary. The functional unit defines the
guantification of the identified functions (performance characteristics) of the product. The primary purpose of
a functional unit is to provide a reference to which the inputs and outputs are related. This reference is necessary
to ensure the comparability of LCA results. Comparability of LCA results is particularly critical when different
systems are being assessed, to ensure that such comparisons are made on a common basis [9]. The system
boundary determines which unit processes shall be included within the LCA. Decisions shall be made
regarding which unit processes to include in the study and the level of detail to which these unit processes shall
be studied. [10]. It is called cradle-to-grave boundary if the entire life cycle of a product is included in the
study system (from raw material acquisition to disposal); while the cradle-to-gate assessment stops at the
manufacturing phase and the end of life (EoL) is not considered.

Life cycle inventory (LCI) creation represents the second phase of an LCA study. It is also a crucial phase of
an LCA study, involving the collection and compilation of data on elementary flows from all processes in a
product system. This data is used for subsequent life cycle impact assessment [11]. Data may be directly
measured or collected from production sites, suppliers, and distributors (primary data) or estimated (not
directly collected, measured, and sourced from a third-party life-cycle-inventory database (secondary data).
Using primary data is crucial because of its direct influence on the quality of the LCA study. Inventory analysis
involves data collection and calculation procedures to quantify relevant inputs and outputs of a product system
[9]. The LCI consists of data compilation to quantify resource use and emissions for each process in the defined
system. Data for each unit process within the systems boundary can be classified under major headings,
including:

energy inputs, raw material inputs, ancillary inputs, other physical inputs,

products, co-products and waste,

emissions to air, discharges to water and soil, and

other environmental aspects[9].

An LCI can draw upon multiple sources including primary data, academic literature, and LCI databases. The
source used will depend on the specificity required for the assessment and data availability. The level of
accuracy and detail of the data collected is reflected throughout the remainder of the LCA process [7]. The use
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of primary data in LCA studies can enhance the specificity and representativeness of the results, particularly
when considering the environmental performance of different systems. However, the exclusion of site-specific
data from the inventory phase can introduce uncertainties and affect the reliability of the results [12].
Therefore, the LCI phase in LCA studies is a critical component that significantly impacts the final results
[13]. To conduct a representative, specific and reliable LCA study, it is necessary to adopt as much primary
data as possible.

The LCIA phase includes the collection of indicator results for the different impact categories, which together
represent the LCIA profile for the product system. The LCIA consists of mandatory and optional elements.
The LCIA phase shall include the following mandatory elements:

- selection of impact categories, category indicators and characterization models;
- assignment of LCI results to the selected impact categories (classification);
- calculation of category indicator results (characterization)[10].
The life cycle interpretation phase of an LCA study comprises:
- identification of the significant issues based on the results of the LCI and LCIA phases of LCA,
- an evaluation that considers completeness, sensitivity and consistency checks;
- conclusions, limitations, and recommendations [10].

2.2 LCA Literature Review

A systematic literature review has been conducted during WP1. Systematic literature reviews ensure that the
starting point is grounded in the most recent and relevant research, setting the stage for meaningful
comparisons and evaluations as the project progresses. Three main platforms have been considered for the
search, namely Scopus, ScienceDirect, and Google Scholar. The search was carried out adopting the following
fields:

- “Article title, abstract, keywords” in Scopus platform;
- “Title, abstract, keyword” in ScienceDirect and Google Scholar platforms.

“lca AND heavy AND duty AND vehicle” and “lca AND truck” were the keywords chosen for analyzing the
evolution of LCA in the automotive field with a specific focus on HDVs. With the first search step, 482 papers
were found. These are distributed across the platforms as follows: Scopus contributed 334 papers,
ScienceDirect with 111, and Google Scholar with the remaining 37. A selection of papers was performed based
on relevance and representative criteria. Duplicated papers were discharged. With this purpose, a time filter
(2019-2023) was applied, and the resulting papers achieved were 24. In Figure 3, there is an overview of the
LCA search procedure.
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} Literature on Scopus. ScienceDirect and Google Scholar

Filter 1: Screening based on keywords
Number of papers with keyword screening: 482
(Scopus: 334, ScienceDirect: 111, Google Scholar: 37)

Filter 2: Screening based on time: 2019-2023

Number of papers with time screening: 200
(Scopus: 138, ScienceDirect: 49. Google Scholar: 13)

Filter 3: Screening based on relevance and representative criteria.
° Dubllcated papers were discarded.

! Number of regarded papers for the literature review : 24

Figure 3: LCA Literature review workflow

The results of the literature review were compiled and schematized into graphs hereafter with the aim of
making them more intuitive and understandable.

2.2.1 Time coverage

As described in the previous paragraph, a time filter has been applied during the search in order to have a
representative LCA literature review for the 2020 baseline diesel truck. In Figure 4, there is an overview of
LCA studies in the range 2019-2023. In 2020, the CO,emissions of the transport sector in the EU-27 accounted
for approximately 27 %. Thereof about 5.6 % were produced by HDVs and buses [3]. Therefore, this sector
calls for a massive shift to zero tailpipe emissions to achieve full carbon neutrality by 2050. Figure 4 shows an
increase in LCA studies of trucks and heavy-duty vehicles, depicting the current need for further research on
this topic. Analyzing the global trend, the growth of LCA studies has been significant over the years.

Time coverage
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Figure 4. LCA Time coverage of LCA investigated studies
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2.2.2 Geographical coverage

Geographical coverage is a key parameter in LCA studies. Figure 5 highlights the expansion of LCAS
worldwide. The geographical dimension of LCAs, particularly in Europe, has seen significant growth and
evolution. The EU is a key player in this evolution, with the potential for future regulatory measures to improve
the efficiency of HDVS, a significant source of CO, emissions in the region.
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Figure 5: Geographical coverage in LCA investigated studies

2.2.3 Powertrain technologies

The literature review focused on three powertrain types: Internal combustion engine vehicles (ICEV), FCEV,
and BEV with the aim of comparing data, methods, and assumptions. Figure 6 shows the number of
publications considered for the literature review divided by powertrain type. The most studied powertrain type
is BEV which reflects the current decarbonization trend in the transport sector.
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Figure 6: Powertrain technology in LCA investigated studies
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2.2.4 Replicability

Figure 7 summarizes the number of papers in which LCI datasets are available. In an LCA study the availability
of LCI datasets is a measure of the replicability of the study. Only 6 out of 24 studies have found to be
replicable. Among these, 3 papers are based on Ecoinvent datasets, 1 is based on a mix of GREET and
Ecoinvent datasets for vehicles, and 2 are based on the same data taken from GREET. Some papers are based
on data from GREET representative of 2022, some are much older.
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Figure 7: LCl available in LCA investigated studies.

2.2.5 Functional unit

The definition of a functional unit is a fundamental step of an LCA study for conducting meaningful
comparisons and assessments. However, there is a lack of consensus and structure in the current FU definition
framework, leading to variability in LCA results [14]. The ton-kilometer (ton*km) resulted as the predominant
functional unit employed within the investigated LCA studies (Figure 8) and represents the payload of the
goods transported multiplied by the lifetime of the vehicle in km.
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Figure 8: Functional unit in LCA investigated studies

2.2.6  System boundary

The system boundary definition is a critical phase in LCA studies, as it determines the unit processes to be
included in the product system. This phase is necessary for a comprehensive understanding of a product's
environmental impact, as it may encompass all life cycle stages, from raw materials acquisition to disposal, or
not [15]. The selection of system boundaries in LCAs can significantly impact the results and conclusions of
the assessment [16]. The system boundary choice is influenced by data availability and the study’s goal.

The system boundary alternatives include the "gate-to-gate"” approach, which only incorporates manufacturing
data, the "cradle-to-gate" approach, which encompasses raw materials extraction up to the supplier transport,
the "cradle-to-use" approach, which further integrates the evaluation of the use phase, and finally, the “cradle-
to-grave" approach, which comprehensively includes the entire lifecycle of a product. The cradle-to-grave
approach has been found as the most used among the investigated studies (Figure 9).
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Figure 9: System boundary in LCA investigated studies
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2.2.7  Annual mileage and vehicle lifetime

The incorporation of annual mileage in LCA studies is crucial for a more accurate assessment of the impacts,
as it allows for the consideration of usage patterns and operational efficiency. Therefore, annual mileage
directly influences factors such as fuel consumption and maintenance requirements, which are integral
components of LCA calculations. Figure 10 shows the annual mileage considered in the investigated studies.
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Figure 10: Annual mileage (km/y) in LCA investigated studies.

In the LCA field, the importance of considering the lifetime of a vehicle is widely recognized. Although the
various scientific publications do not clearly state the units of measurement used, it is commonly
acknowledged that the lifespan of a vehicle plays an important role in LCA analyses. Generally, the units of
measurement used to quantify the life of a vehicle are consistent across studies, with years and kilometers
being the most common (Figure 11, Figure 12).
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Figure 11: Vehicle lifetime (km) in LCA investigated studies
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Figure 12: Vehicle lifetime (years) in LCA investigated studies

2.2.8 Software

The LCIA is the third phase of LCA. The LCIA is aimed at evaluating the significance of potential
environmental impacts using the LCI results. In general, this process involves associating inventory data with
specific environmental impact categories and category indicators, thereby attempting to understand these
impacts. The LCIA phase also provides information for the life cycle interpretation phase [9]. The LCIA phase
can be conducted using specific LCA software. The management of LCI data, which is critical for LCA, can
be difficult because of the large amount of data. The adoption of specific LCA software can simplify and
facilitate its management.

Figure 13 summarizes the results of the most used software in LCA studies. As the figure shows, the most
widely used software are Simapro, OpenLCA, and Gabi. Some papers do not report the software used for the
LCA study.
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Figure 13: Software used in LCA investigated studies.
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2.2.9 Database

The selection of a database is indeed a crucial aspect of LCA studies, as it provides essential information
necessary for conducting comprehensive assessments. Despite its importance, the mention of the database used
in LCA studies, may be limited or even absent in some papers (Figure 14, in the last column "NA"). The choice
of database remains a critical consideration. It directly influences the reliability and credibility of the
assessment, impacting the validity of conclusions drawn from the study. The Ecoinvent database is a widely
used resource in the LCA studies (Figure 14). This database, developed by the Swiss Centre for Life Cycle
Inventories, contains over 2500 background processes and follows quality guidelines to ensure data coherence
[17].
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Figure 14: Database used in LCA investigated studies

2.2.10 Impact categories under scope and LCIA method

In LCA studies, several impact categories are evaluated to assess the environmental consequences of a product
or process. Among these categories, one of the most widely used and crucial is Global Warming Potential
(GWP). GWP is an indicator used to quantify greenhouse gas (GHG) emissions in terms of their equivalence
to carbon dioxide (COzeq). GWP is particularly significant because it enables researchers and stakeholders to
compare the potential climate change impacts of different emissions across various time horizons. By
expressing emissions in COzeq, GWP facilitates a standardized metric that accounts for variations in the
atmospheric lifetimes and radiative properties of different greenhouse gases.

In addition to GWP, several other impact categories are commonly evaluated in LCA studies, such as
acidification potential, eutrophication potential, ozone depletion potential, human toxicity potential, resource
depletion, etc. To achieve a thorough assessment of a product's environmental impact in LCA studies, it is
essential to encompass a wide array of impact categories.
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Figure 15: Impact categories in LCA investigated studies.

LCIA methods are used to evaluate the potential environmental impacts associated with a product or process
throughout its life cycle. Besides the impact categories mentioned earlier, there are various LCIA methods
used in LCA studies. Figure 16 shows a wide variety in the use of LCIA methods. The most widely used is
Recipe 2016. The EF 3.0 method (which represents a revision of the Recipe 2016), also known as the Product
Environmental Footprint method, was developed as part of the European Commission's initiative to establish
Product Environmental Footprint Category Rules (PEFCR) and Sectoral Environmental Footprint Guidelines
(SEFG) under the Product Environmental Footprint (PEF) initiative. The PEF initiative aims to harmonize the
assessment of the environmental performance of products across the European Union.
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Figure 16: LCIA methods in LCA investigated studies.

2.2.11 Carbon Footprint Results

The calculation of the carbon footprint serves as a crucial outcome in environmental impact assessments,
particularly for products. The carbon footprint quantifies the total amount of greenhouse gas emissions,
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typically expressed in carbon dioxide equivalents (CO2eq), associated with the entire life cycle of a product or
service. This metric provides valuable insights into the environmental impact of a product, particularly in terms
of its contribution to climate change.

To enhance comparability between different studies and products, the carbon footprint is often expressed in
terms of a functional unit. The functional unit represents a quantifiable measure of the performance or
functionality of the product or service being assessed. By standardizing the expression of the carbon footprint
concerning the functional unit, stakeholders can more easily compare environmental performance across
different products or processes, regardless of variations in scale, complexity, or other factors.

Within the automotive sector, various functional units are employed to compare carbon footprint results of
HDVs, such as "per kilometer driven,” "ton per kilometer," or "one truck™ (Figure 21). However, the adoption
of different functional units hinders the assessment and comparison of the environmental impact across
different vehicle models or technologies. Figure 17 illustrates the carbon footprint values of diesel-powered
HDVs, expressed in terms of tons of CO; equivalent per truck, based on literature studies [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41]

The observed data exhibit significant variability, primarily due to the variation in the system boundary adopted.
Most of the studies have assumed a cradle-to-grave boundary, so they comprise the entire life cycle from the
raw materials extraction to the disposal. However, even when considering the same boundary, there is
substantial variability in the data, which is likely caused by comparisons among vehicles of different classes
(a detail frequently left unspecified in the examined papers).
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Figure 17: Carbon footprint (t CO»eq) for different system boundaries

2.2.12 LCA Literature Review Conclusions

In conclusion, according to the literature review, the vehicle class is never specified, whereas the objective of
EMPOWER is to assess the impacts of VECTO group 9 vehicles. Also, available LCAs are based on secondary
data and are not suitable for the baseline diesel truck because they could compromise the accuracy and quality
of the assessment.
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The literature studies cannot be used for the baseline diesel truck because they are not representative of the
EMPOWER project. Indeed, to ensure an accurate and high-quality LCA assessment, primary data are
required. Therefore, primary data provided by IVVG have been used for the baseline diesel truck assessment to
ensure a better quality of the environmental assessment of trucks and to perform a more realistic comparison
to ZE HDVs. The results of the literature review could be useful to represent how POLITO assumptions are in
the existing literature and to validate the EMPOWER results.
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3. Introduction to Total Cost of Ownership and literature review
3.1 Introduction to Total Cost of Ownership

In the business and technology field, particularly within the freight transport sector, decision-making
processes are not as linear as they initially appear. The evaluation of an asset’s true cost, exemplified here by
a vehicle tasked with goods delivery, necessitates a holistic viewpoint. The metric of TCO surfaces as an
indispensable tool, enabling decision-makers to formulate informed and sustainable choices.

TCO is a holistic approach to assess the complete financial impact of owning and operating an asset over its
entire lifecycle [42]. This encompasses not only the upfront purchase price but also the ongoing costs
associated with maintenance, operation, and any potential expenses [43], [44]. One key aspect of TCO is its
emphasis on the entire lifecycle of the asset, the truck in the project aim. This perspective forces businesses
to look beyond the initial acquisition cost and consider the expenses that will be incurred throughout its
useful life, including maintenance, upgrades, and potential end-of-life costs. The starting point of TCO
analysis is the purchase price. This includes not only the initial cost of acquisition but also any associated
costs such as taxes, shipping, and installation fees. In the case of the truck under study, since the object under
study is a vehicle, the purchase cost is the initial cost related to the acquisition of the vehicle.

Operating costs constitute a significant portion of TCO. These include expenses related to energy
consumption (fuel consumption), preventive maintenance and repairs, and any consumables required for the
proper functioning of the asset (e.g., urea consumption, lubricating oil, etc). Finally, the residual value is the
value that the asset will have after the owning period considered [45]. A schematic view can be seen in the
Figure 18.

Purchase Cost Residual Value

N '|'@ -ER =

Operation Cost

Figure 18-Total Cost of Ownership

Understanding these ongoing costs is crucial for a comprehensive TCO evaluation. By incorporating all
relevant costs, TCO provides decision-makers with a more accurate picture of the financial implications of
their choices. This, in turn, enables better-informed decision-making aligned with long-term business goals.
TCO analysis helps identify potential risks and uncertainties associated with an investment. Understanding
the full scope of costs allows businesses to develop strategies to mitigate risks and plan for contingencies.
Considering the entire lifecycle of an asset promotes sustainability. By evaluating the economic impact, fleet
operators can align their decisions with broader sustainability goals.

When choosing between different vehicle technologies, TCO becomes an indispensable tool, aiding
customers in navigating the intricacies of evolving technologies and market dynamics [46]. It enables them
to pinpoint the most cost-effective, aligning with their specific needs and preferences.

One aspect that is crucial to highlight is the time value of money and therefore the need to actualize cash
flows. The concept is that a unit of money today is worth more than a unit of money in the future. That is
because the investors can invest the money elsewhere to gain a profit from it. The easiest way to make an
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example is to note that if an investor can obtain a 5% in an obligation or a controlled fund the unit of money
today would be worth 1.05 times a year from today.

The determination of the interest rate on savings is contingent upon two primary factors when assured of
repayment by the borrower. Firstly, inflation introduces a diminution in the purchasing power of a unit of
money over time, prompting the necessity for an interest rate to offset the resultant loss in real value.
Secondly, an inherent preference for immediate consumption over future consumption necessitates
compensation in the form of an interest rate to induce individuals to defer spending. This compensatory
interest rate is denoted as the real interest rate, which varies based on individual preferences for current
consumption.

In situations where the assured return on savings is subject to uncertainty, an additional component in the
form of a premium for uncertainty is introduced. This premium serves as compensation for the increased risk
associated with uncertain returns, with higher uncertainty warranting a commensurately higher premium.

In summary, the return on investment, when considering the deployment of a Euro elsewhere, is comprised
of three integral components: the anticipated inflation rate, a real interest rate, and a premium for uncertainty.
The fundamental concept underpinning the time value of money is rooted in the potential to invest money
elsewhere to yield returns, commonly referred to as a discount rate [47].

In conclusion, TCO is a powerful tool that transcends traditional financial assessments. It EMPOWERS
investors to make decisions that are not only financially sound in the short term but also sustainable and
strategic over the long term. Embracing TCO as a guiding principle can lead to more resilient and successful
companies in today's dynamic and complex business environment.

3.2 Literature Review

The EMPOWER European project has set an ambitious target: to reach TCO parity by 2029 between
emerging technologies (BEV and FCEV) and the baseline diesel-powered truck of 2020. In terms of the
deliverable content, the objective is to derive a state-of-the-art baseline from existing literature that
accurately represents the 2020 ICE truck. This baseline will serve as a benchmark for the two demonstrators
that will be developed throughout the project. To achieve this, an extensive literature review was conducted
with this specific aim in mind. This approach ensures that our starting point is grounded in the most recent
and relevant research, setting the stage for meaningful comparisons and evaluations as the project progresses.

The literature review process was initiated with a systematic search across three prominent academic
databases: Scopus, ScienceDirect, and Google Scholar. The search strategy was designed to be
comprehensive and targeted; the final choice fell on utilizing two sets of keywords: ‘hdv AND tco’ and ‘tco
AND truck’. This approach was chosen to ensure the inclusion of all potentially relevant literature on the
TCO of heavy-duty vehicles.

The initial search yielded a substantial number of papers, totaling 1587. These were distributed across the
databases as follows: Scopus contributed with 35 papers, ScienceDirect provided 731, and Google Scholar
accounted for the remaining 608.

To effectively manage the extensive volume of literature, a stringent filtration process was put into action.
This process was designed to ensure that only the most relevant and accessible papers were included in the
review.
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The initial phase of this process involved verifying the availability of the full text of the papers. Given the
importance of a comprehensive review, it was crucial to have access to the complete content of each paper.
This step ensured that no potentially significant information was overlooked due to limited access.

Following this, the relevance of each paper to the research topic was assessed. This was a critical step in the
filtration process, as it ensured that the review remained focused and pertinent to the research topic. The
assessment was carried out by meticulously reviewing the abstracts of the papers. In cases where the abstract
did not provide sufficient information, the introduction and conclusion sections were also examined. This
thorough review allowed for a precise determination of each paper’s applicability to the specific question
under analysis.

Simultaneously, a check for duplicates was conducted. This was an essential step, as it was observed that the
same papers were often found across different academic databases. By ensuring that each paper was only
counted once, this step prevented any potential skewing of the data due to duplicate entries.

This filtration process significantly reduced the number of papers, resulting in a refined set of 44 documents.
A graphical description of the workflow is provided in the Figure 19. These papers were then subjected to an
in-depth review. Each paper was read in its entirety, and the key findings, methodologies, and conclusions
were extracted and analyzed. It is important to underline that not every document is a TCO study/assessment,
the majority are because some document is considered to give the possibility to analyse in depth the
breakdown cost in the transport sector.

The review was guided by the specific scope and goal of the task, which was to gain a comprehensive
understanding of the TCO of a heavy-duty vehicle that should describe the state of the art in freight transport.
This ensured that the review remained focused and relevant, while also being exhaustive.

Upon completion of the review, the results were extracted and synthesized. These results were further
visualized using graphs, providing a clear and intuitive representation of the findings. This not only
facilitated a better understanding of the data but also allowed for easier comparison and analysis.

This meticulous and systematic approach to the literature review ensured the inclusion of all relevant
literature, providing a robust and comprehensive foundation for the next steps. The use of graphical
representations further enhanced the accessibility and comprehensibility of the findings, making them readily
available for further analysis and interpretation.
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Figure 19 - Literature Review Workflow

3.2.1 Year of Publication

In the rapidly evolving field of technology in the transport sector, it is crucial to focus on recent research and
studies, specifically papers and technical reports published within the last five years (2017-2023). This is
particularly relevant when examining the TCO of Heavy-Duty Trucks, where conventional Internal
Combustion Engines (ICE) are being compared with emerging technologies like Battery Electric Vehicles
(BEV) and Fuel Cell Electric Vehicles (FCEV). The swift pace of technological advancements necessitates
this focus on the most current research. It is noteworthy that most of these papers have been published since
2020, underscoring a surge in interest among researchers and stakeholders in this specific topic as clearly
shown in Figure 20. Indeed, this trend not only signifies the increasing acknowledgment of the role and
potential influence of these new technologies on the TCO of Heavy-Duty Trucks, but it also highlights the
recent regulations, especially in the European Union, that are steering towards a decarbonization of the
transport sector [48], [49].
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Figure 20-Year of Publication

3.2.2 Functional Unit

In TCO studies, the Functional Unit (FU) assumes a pivotal role. It serves to quantify the function of a
product or service, thereby providing a reference basis for the computation of the total cost. The FU offers a
standard measure that facilitates the comparison of different technologies with varying costs, ensuring that
such comparisons and assessments are fair, relevant, and meaningful.

Upon analyzing various TCO studies, it becomes evident that the majority present the TCO in monetary
units, without the selection of a specific functional unit [45], [50], [51], [52], [53], [54], [55], [56], [57], etc.
As delineated in Figure 21, an analysis of over twenty studies reveals that no functional unit is chosen. A
limited number of studies opt for the distance unit (kilometers for studies conducted in Europe and miles for
those in the USA or UK) [58], [59], [60], [61], [62], [63], [64], etc., while a few studies do not report it at all
[65]. Notably, none of the studies report the functional unit of distance per mass (km*kg or km*t), which is
the unit proposed in the project proposal.

Given that the project pertains to freight transport, the volume of goods transported is a crucial factor to
assess and consider. To align the two assessments, both LCA and TCO should adopt the same functional
unit, in this case, km*t. This alignment is essential to ensure consistency and comparability across the
assessments.
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Figure 21-Functional Unit
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3.2.3  Vehicle Lifetime (year)

The vehicle’s lifetime is a critical factor to consider when calculating the TCO, which includes all costs
incurred throughout the vehicle’s lifespan. The choice of a specific lifetime should be as accurate as possible,
reflecting the state of the art and the fleet operator's real needs. This is because a longer or shorter lifespan
can significantly alter the results due to the costs associated with vehicle operations, such as fuel, driver, and
maintenance costs.

From the literature review, as suggested by the Figure 22, it becomes clear that there is no universally
agreed-upon standard for the lifetime of vehicles, especially in the heavy-duty sector. Unlike passenger cars,
heavy-duty vehicles' lifespans are highly task dependent. For instance:

e Long-haul trucking vehicles, characterized by extensive highway driving and meticulous
maintenance, commonly boast lifespans ranging from 500,000 to 1,000,000 kilometers. This notion
is corroborated by the Euro 7 proposal [66], which, if approved, mandates a minimum manufacturer
guarantee of 700,000 kilometers.

e Urban freight shipping vehicles, navigating through congested urban areas, and enduring frequent
stops, typically sustain lifespans spanning from 300,000 to 500,000 kilometers. This aligns with the
Euro 7 proposal[66], which establishes a minimum lifespan requirement of 400,000 kilometers for
such vehicles.

Several studies consider the first ownership period [45], [56], [61], [65], [67], [68], [69], typically five years.
Others use the manufacturer’s guaranteed lifetime or the actual lifetime of a truck [70]. The draft of the
EURO?Y proposal also provides a minimum lifetime in terms of distance traveled [66], which is closely tied
to the heavy-duty vehicle category/group. This diversity in approaches underscores the complexity of
defining a vehicle’s lifetime.
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Figure 22-Vehicle Lifetime (years)

3.2.4  Yearly mileage (km)

The study’s yearly mileage assumption is a crucial factor in all cost assessment studies. As depicted in the
accompanying Figure, there is a significant variation in this aspect in the studies analysed, primarily because
a truck’s yearly mileage is intrinsically tied to its classification and, consequently, its designated mission. For
example, urban delivery trucks are typically characterized by shorter yearly mileage, while long-haul trucks
often exhibit longer yearly mileage. This pattern, confirmed by various literature studies (e.g.[46], [50],
[71]), suggests that the selected yearly mileage is contingent upon the truck’s mission or the fleet operator’s
needs. In 2019, the European Commission attempted to give a standard v